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Editor’s note 
The Puget Sound Science Update is a represents the state‐of‐the‐science supporting the work of the Puget 
Sound Partnership to restore and protect the Puget Sound ecosystem. The Puget Sound Science Update 
represents an advancement in the development and use of science to support Puget Sound recovery in two 
important ways. First, the content of the Puget Sound Science Update was developed following a process 
modeled after the rigorous peer‐review process used by the Intergovernmental Panel on Climate Change 
(IPCC), in which small author groups produced draft assessment reports synthesizing existing, peer‐reviewed 
scientific information on specific topics identified by policy leaders. These drafts were peer‐reviewed before 
the final reports were posted. Second, the Puget Sound Science Update will be published on‐line following a 
collaborative model, in which further refinements and expansion occur via a moderated dialog using peer‐
reviewed information. Content eligible for inclusion must be peer‐reviewed according to guidelines.  

In the future, there will be two versions of the Update available at any time:  

(1) a time‐stamped document representing the latest peer‐reviewed content (new time‐stamped versions are 
likely to be posted every 4‐6 months, depending on the rate at which new information is added); and  

(2) a live, web‐based version that is actively being revised and updated by users.  

The initial Update you see here is a starting point to what we envision as an on‐going process to synthesize 
scientific information about the lands, waters, and human social systems within the Puget Sound basin. As 
the document matures, it will become a comprehensive reporting and analysis of science related to the 
ecosystem‐scale protection and restoration of Puget Sound. The Puget Sound Partnership has committed to 
using it as their ‘one stop shopping’ for scientific information—thus, it will be a key to ensuring that credible 
science is used transparently to guide strategic policy decisions.  

The Update is comprised of four chapters, and you will note that some are still at earlier stages of completion 
than others. Over time—through the process of commissioned writing and user input through the web‐based 
system—the content of all four chapters will be more deeply developed. We are relying in part on the 
scientific community to help ensure that the quality and nature of the scientific information contained in the 
Update meets the highest scientific standards.  
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Preface 

Who are the authors of the Puget Sound Science Update?  
Leading scientists formed teams to author individual chapters of the Puget Sound Science Update. These 
teams were selected by the Puget Sound Partnerhship's Science Panel in response to a request for proposals 
in mid‐2009. Chapter authors are identified on the first page of each chapter. Please credit the chapter 
authors in citing the Puget Sound Science Update.  

What are the Puget Sound Partnership and the Science Panel?  
Please visit psp.wa.gov to learn about The Puget Sound Partnership.  

Please visit science panel web page to learn about the Science Panel.  

Has the Puget Sound Science Update been peer reviewed?  
The original chapters of the Puget Sound Science Update were subjected to an anonymous peer review 
refereed by members of the Puget Sound Partnership's Science Panel. Reviewers are known only to referees 
on the Science Panel and the Partnership's science advisor.  

What is "content pending review"?  
The future web presentation is intended to offer a venue for updating, improving, and refining the material 
presented in the Puget Sound Science Update. Suggested amendments and additions are presented as 
"content pending review" on each page when an editor, perhaps working with a collaborating author, has 
developed some new content that has not yet been formally adopted for incorporation into the section. As 
"content pending review," this content should not be cited or should be cited in a way that makes clear that 
it is still in preparation.  

How can I contribute new material to the Puget Sound Science Update?  
Please visit the Puget Sound Partnership website to learn about how you can help improve, update, and 
refine the Puget Sound Science Update, or send an e‐mail to pssu@psp.wa.gov to get the process started.  

How can I cite the Puget Sound Science Update? 
We recommend citations this version in the following format:  

[Authors of specific chapter or section]. April 2011. [Section or chapter title] in Puget Sound Science Update, 
April 2011  version. Accessed from http://www.psp.wa.gov/. Puget Sound Partnership. Tacoma, Washington.  

"Content pending review" of the Puget Sound Science Update has not been fully reviewed for publication. If 
you elect to cite this information, we recommend that you contact the named author(s) to cite as a personal 
communication or cite the web‐presentation using the following format:  

[Authors of pending material]. In prep. Content pending review presented in [Section or chapter title] in 
Puget Sound Science Update. Accessed from http://www.psp.wa.gov/. Puget Sound Partnership. Tacoma, 
Washington.  
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Introduction 

The Puget Sound Partnership (PSP) is charged with the task of reversing the decline in the 
ecological condition of Puget Sound and restoring its health by 2020 [1]. Since the creation of 
the PSP and the publication of the Puget Sound Partnership Action Agenda, the Puget Sound 
ecosystem has become a national example of implementation of ecosystem-based management 
(EBM; [2]). As the Puget Sound region considers the dozens of near-term actions for ecosystem 
recovery, policy makers, resource managers, and scientists must be able to answer two key 
questions about the state of the ecosystem: 1) where are we going?, and 2) how do we know 
when we get there? Answering the question of what constitutes a healthy Puget Sound requires a 
thoughtful articulation of what the future of Puget Sound should be and scientifically rigorous 
means for measuring progress towards this desired future. This is the aim of this chapter.  

Terminology and 
Concepts 

Open Standards 

Open Standards for the Practice of Conservation , a set of adaptive 
management steps developed by the Conservation Measures Partnership as a 
framework for planning and implementing conservation action. The Open 
Standards methodology is being used by the PSP to put the Action Agenda 
into a performance management framework. 

Results Chain 

One component in the Open Standards framework being used by the PSP. A 
tool showing how a particular action taken will lead to some desired result. 
Diagrams link short-, medium- and long-term results in “if... then” 
statements. The three basic elements are a strategy, expected outcomes, and 
desired impact. 

Management 
Strategy 

Evaluation 

(MSE) Conceptual framework that enables the testing and comparison of 
different management strategies designed to achieve specified management 
goals 

Performance 
Management 

A system to track implementation and communicate progress of a 
conservation project or program 

For more information and links to references, see Glossary  

A properly designed monitoring program is essential for determining progress towards a desired 
future ecosystem state. Monitoring encompasses the routine measurement of ecosystem 
indicators to assess the status and trends of ecosystem structure and function. Successful 
monitoring requires consideration what we should monitor and why we are monitoring it. 
Broadly, there are two goals for monitoring in the Puget Sound ecosystem. The first goal is to 
monitor status and trends of the ecosystem. This may take the form of snapshots of specific 
regions, or, more usefully, status monitoring tracks variability in carefully selected indicators 
over time. Status monitoring is fundamentally concerned with documenting spatial and temporal 
variability in ecosystem components and thus ideally relies on consistent long-term monitoring 
in a network of sites.  

A second aim of monitoring is to evaluate the effectiveness of management strategies. 
Effectiveness monitoring thus aims to detect changes in ecosystem status that are caused by 



April 2011 Puget Sound Science Update  Page 8  Puget Sound Partnership 

specific management actions. Effectiveness monitoring is ideally informed by a conceptual or 
numerical system model. Such models can be used to generate predictions or hypotheses of how 
management actions might shift the system towards a desired state. A carefully crafted plan for 
effectiveness monitoring requires indictors of 1) compliance with regulations; 2) ecosystem 
pressures (the object of management action); and, 3) status of the ecosystem affected by these 
pressures. Such a plan for effectiveness monitoring allows a determination of how well 
predictions about appropriate management strategies performed, and provides a formal means for 
learning about the system and how management actions influence the system.  

In the 2008 Action Agenda, the PSP established five priority strategies, one of which includes 
developing a performance management system to track and assess progress towards an 
ecologically healthy Puget Sound [1]. To this end, the PSP has adopted the Open Standards for 
the Practice of Conservation (“Open Standards”[3]) as a framework for implementing and 
tracking the progress of the Action Agenda. The Open Standards describe steps in the design, 
implementation and monitoring of conservation projects, two components of which are the 
identification of ecosystem components and indicators for those components; and development 
of “Results Chains,” diagrams that map specific management strategies to their expected 
outcome (e.g., reduction of a threat) and their impact on key components of the ecosystem using 
a series of “if...then” statements [4]. The Open Standards is thus a tool that can be used to 
articulate “where we want to go”, and inform both status and effectiveness monitoring to 
determine if we reached our goal.  

In this section of the Puget Sound Science Update (PSSU), we first critically review published 
reports that describe desired future states of the Puget Sound ecosystem, and suggest ways to 
incorporate new information generated by such future visions into the results chain model. We 
next introduce a flexible framework for selecting indicators of the biophysical components of the 
ecosystem (the human components are addressed in Section 1B of this document, 'Incorporating 
Human Well-Being into Ecosystem-Based Management'), and establish transparent criteria for 
judging an indicator’s ability to reliably track changes in ecosystem status. Using these criteria, 
we then provide an evaluation of 270 candidate ecosystem indicators. Finally, we review targets 
and benchmarks for ecosystem indicators in Puget Sound; where they are found wanting, we 
describe a number of approaches that could be applied to scientifically inform the development 
of management targets and benchmarks. It should be noted here that while the PSP and the 
authors of this document consider the Puget Sound ecosystem to be inclusive of humans, this 
section develops indicators for the biophysical components of the ecosystem, and therefore in 
those sections, the term “ecosystem” refers exclusively to the biophysical components.  

Ecosystem Health 

Rapport and colleagues (1985) suggested that the responses of stressed ecosystems were 
analogous to the behavior of individual organisms [5]. Just as the task of a physician is to assess 
and maintain the health of an individual, resource managers are charged with assessing and, 
when necessary, restoring ecosystem health. This analogy is rooted in the organismic theory of 
ecology advocated by Clements over 100 years ago, and is centered on the notion that 
ecosystems are homoeostatic and stable, with unique equilibria [6]. In reality however, 
disturbances, catastrophes, and large-scale abiotic forcing create situations where ecosystems are 
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seldom near equilibrium. Indeed, ecosystems are not “superorganisms”—they are open and 
dynamic with loosely defined assemblages of species [7]. Consequently, simplistic analogies to 
human health break down in the face of the complexities of the non-equilibrial dynamics of 
many ecological systems [8]. Even so, the phrase “ecosystem health” has become part of the 
lexicon of EBM and resonates with stakeholders and the general public [8]. And, “ecosystem 
health” is peppered throughout the PSP Action Agenda. Thus, while we acknowledge the flaws 
and limitations of the phrase, we use it here because it is a familiar phrase that is salient in the 
policy arena.  
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The Future of Puget Sound: Where are We Going? 

The charge is clear: restore the ecological health of Puget Sound by 2020. What is less clear, 
however, is what future the citizens of the Puget Sound region desire. Understanding what future 
we want, and what futures are possible, is critical to informing management decisions about 
complex systems such as Puget Sound, comprised of multiple unpredictable components. The 
theme of any individual vision of the future may range from particular ecosystem states (e.g., 
healthy orca populations, clean water) to socio-economic conditions (e.g., thriving ports, 
efficient and integrated public transportation). However, comprehensive visions of future states 
require that Puget Sound be considered in the context of a coupled social-ecological system, with 
the socio-economic system influencing the ecological system, and vice-versa. All components of 
this complex system are in turn being transformed by driving forces that can be either internal or 
external to the system. These unpredictable and largely uncontrollable driving forces, for 
example, climate change, the national and global economies, human desires, behavior and 
attitudes, each have their own potential trajectories that will help shape the future state of the 
Puget Sound ecosystem. For example, whether the future climate of Puget Sound is warmer and 
wetter, or warmer and drier, will certainly shape management strategies aimed at protecting 
species that use the freshwater streams and rivers in Puget Sound, such as salmon. Describing the 
future state of Puget Sound, therefore, goes beyond making predictions based on past observed 
trends in the ecological system and identifying actions that Puget Sound resource managers can 
implement. Understanding the myriad potential futures of Puget Sound is critical to setting 
targets aimed at achieving goals for restoring the health of Puget Sound by 2020.  

This section will review previous efforts to describe alternate futures for Puget Sound, highlight 
the trade-offs inherent in these scenarios, particularly in light of drivers generated outside of the 
Puget Sound ecosystem, and draw connections between future scenarios and management 
strategies, including the importance of setting targets and deriving quantitative measures of 
progress. Finally, we suggest directions for continued efforts to describe alternate futures of 
Puget Sound.  

1. Future States of Puget Sound 

Describing the future state of Puget Sound has been approached in several ways, including using 
a formal scenario planning process, within the context of a regional planning strategy, using 
models and GIS (Geographical Information System) tools to map potential changes on the 
landscape, and setting specific targets for the desired future ecological system. Most of the work 
has been focused on the nearshore habitats of Puget Sound, with limited consideration of other 
domains of the ecosystem (e.g., rivers, forests, freshwater wetlands). Each approach described 
here is one component of what we see as a comprehensive future scenario process, beginning 
with a declaration of priorities by policy makers, followed by a thorough exploration of the 
driving forces behind the Puget Sound ecosystem and their potential trajectories, and finally, 
drawing explicit links (mediated by the driving forces) between potential policy decisions, 
biophysical states, and their consequences for the ecological system and ecosystem goals. As yet, 
there is no single “soup-to-nuts” approach to describing a future Puget Sound, though some of 
the efforts reviewed below are still works in progress.  
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Puget Sound Regional Council’s Vision 2040 

The Puget Sound Regional Council’s “Vision 2040,” adopted in 2008 and amended in 2009, is 
essentially a declaration of priorities for the future of Puget Sound by the major policymakers 
and politicians in the Central Puget Sound region [9]. Vision 2040 describes the growth 
management, environmental, economic and transportation strategies for the region. It co-
prioritizes people, the economy, and the environment, and lists a series of goals and future 
actions, some of which are supported by existing policy. The document charts a pathway for land 
development and design, referencing existing land-use development policy (Washington State 
Growth Management Act) and establishes goals for matching development patterns with human 
well-being. Regional economic prosperity is a goal to be achieved by implementing a separately-
established Regional Economic Strategy [10]. Finally, a multimodal regional transportation 
system is a priority, “integrating freight, ferries, highways, local roads, transit, bicycling and 
walking” [9].  

Vision 2040 provides a framework within which regional planning on land use, economic 
development, and transportation can occur. The strategy explicitly takes into consideration the 
connectedness of regional planning and the environment. The document outlines goals, actions 
and implementation strategies for transportation and development, primarily from a policy and 
planning perspective. The drivers of the ecosystem are policies, which alter the (terrestrial) 
landscape according to a broad set of guidelines aimed at encouraging density within urban areas 
and limiting development outside of urban areas, and strengthening public transit and non-
motorized transportation without compromising regional economic growth. There is a single 
vision of an ideal future Puget Sound region, and this document lays the groundwork for 
achieving that vision.  

Summary: Within the context of a comprehensive effort to describe potential futures of Puget 
Sound, Vision 2040 serves as a statement by the citizens, as represented by their elected officials. 
Missing from this are more specific statements from the public about their views on, for example, 
a healthy Puget Sound. However, to date, no comprehensive survey or collection of citizen 
opinions about the future of Puget Sound exists, and therefore this document is the best proxy we 
have for gauging broad societal goals and desires. Any description of potential Puget Sound 
futures should include the public’s desires as assurance that the ecosystem is headed in a 
direction supported by the public, and therefore this document is useful as one piece in the future 
scenario process.  

Puget Sound Nearshore Partnership and University of Washington Urban Ecology Research 
Lab, “Future Scenarios 

In another approach to describing a future Puget Sound, the Puget Sound Nearshore Partnership 
and the Urban Ecology Research Lab (UERL) produced “Future Scenarios” [11], which employs 
a formal scenario-building process to identify the driving forces of change in the Puget Sound 
ecosystem, and to develop multiple alternative scenarios based on the uncertainty in and 
interactions between those driving forces. Scenario building is a systematic method that has been 
applied to coupled social-ecological systems by, for example, the Millennium Ecosystem 
Assessment [12], and aims to generate more flexible approaches to EBM through the 
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incorporation of uncertainty and multiple knowledge types. The fundamental premise is that the 
future is unknown, and that it is a function of several key factors that interact to create multiple 
potential future outcomes.  

Through a series of visioning exercises with stakeholders and experts on the Puget Sound social-
ecological system, two “key” drivers (climate and human behavior/perceptions) and nine 
“supporting” drivers (demography, development patterns, economy, governance, 
knowledge/information, natural hazards, public health, and technology/infrastructure) were 
identified, as were the interactions among them. The “key” drivers represent the most important 
and uncertain driving forces relevant to the issue, in this case the nearshore ecosystem of Puget 
Sound. Based on the potential trajectories of the key drivers and their interactions with the 
supporting drivers, six scenarios were developed. Narratives of each scenario described the 
prosperity, human attitudes, climate regime, development patterns, governance structure and 
demographics of a future Puget Sound, primarily as a function of the key drivers, climate and 
human behavior/perceptions and without drawing explicit links to component of the ecological 
system. Each narrative was rooted in a storyline, described by society’s worldview, human-
nature relationships, and future outlooks (i.e. optimistic vs. pessimistic, or positive about human-
nature relationships vs. hostile towards the environment).  

The six scenarios spanned a broad range of social and climatic conditions, coupled with resulting 
effects on the ecological system. For example, in the “Collapse” scenario, climate change 
manifested as drier and warmer conditions in Puget Sound, and human behavior was self-
interested and focused on the near-term. High levels of resource extraction and pollution caused 
harm to ecosystem function. Poor economic performance and increasing government 
expenditures led to fewer investments in infrastructure and public services, and eventual out-
migration of the population. On the other end of the spectrum, the “Forward” scenario described 
a future with only limited climate change in Puget Sound and a cooperative social ethic, leading 
to a proactive approach to environmental issues and higher quality of life. There was increased 
population and economic growth. There was a greater understanding of the linkages between 
society and nature, leading to a stronger relationship between residents and their environment.  

Summary: “Future Scenarios” gives a very thorough treatment to the socio-eco-political matrix 
within which the nearshore ecosystem (to which this analysis was limited) exists. Links are 
drawn between attitudes, economics, politics and climate, and alternative trajectories are 
explored for each--an important acknowledgment that there is great uncertainty involved in any 
vision of the future. This approach to fleshing out ecosystem drivers and their trajectories is 
critical in a comprehensive effort to describe the future of complex social-ecological systems like 
Puget Sound. The next step of this project is to explicitly link the drivers and scenarios to the 
ecological constituents and interactions.  

Future Risk Assessment Project (FRAP) and Ecosystem Portfolio Model (EPM) 

The Puget Sound Nearshore Ecosystem Restoration Project (PSNERP) has developed several 
future scenarios of Puget Sound by coupling the Future Risk Assessment Project (FRAP), the 
creation of one set of land-use scenarios, with the Puget Sound Ecosystem Portfolio Model 
(EPM; [13]), a suite of models that evaluate the effects of land-use scenarios on nearshore 
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ecosystems. The Puget Sound Nearshore Science Team and scientists from Oregon State 
University generated land-use scenarios based on three potential directions for land-use policy: 
status quo, where current trends continue forward; managed growth, which incorporates 
aggressive policies directing growth into urban areas; and unconstrained growth, which relaxes 
land-use regulation. Each scenario modulates several parameters governed by growth policy: 
population distribution, urban and rural development patterns, nearshore development 
pattern/intensity, and protection of open space. These scenarios were input to a GIS model, 
generating terrestrial maps of land use/land cover for Puget Sound [14].  

The EPM models link land-use patterns generated by policy scenarios to ecosystem state, and 
therefore analyses can be directed towards specific goals. One such set of links was developed 
targeting human well-being, one of the six major goals of the Puget Sound Partnership. Using a 
list of human well-being indicators chosen in consultation with multiple expert groups, explicit 
connections are drawn between land-use patterns and metrics of human well-being using existing 
data and models. For example, each land-use scenario developed by FRAP results in some 
degree of shoreline modification, which is then linked to indicators of human well-being, one 
example of which is recreational beach use. A statistical model predicts the effects of land-use 
development on recreational beach use as a function of recreational visit data, demand (based on 
population density) and access (based on travel cost), each of which is affected by shoreline 
development.  

Summary: The FRAP/EPM approach emphasizes connections between patterns on the landscape, 
generated through simple policy-driven scenarios, and specific ecosystem states that can be 
linked to a broader ecosystem or policy goal, in this case human well-being. In the context of a 
comprehensive future scenario process, this is a critical step that highlights the consequences of 
individual policy decisions, like land-use development, for ecosystem goals, in this case human 
well-being. This technique could also be used in conjunction with scenarios that generate ranges 
of responses by the social-ecological system. For example, to these same land-use policy 
scenarios could added climate change scenarios that will alter the way the ecological system 
responses to, for example, shoreline modification. Under warmer, wetter conditions, erosion 
patterns and the absolute amount of shoreline in Puget Sound may change, both of which will 
affect recreational beach use. This tool linking changes made on the landscape to ecosystem 
goals is helpful in charting a path towards ecosystem goals and in predicting the feedbacks of 
policy decisions.  

Puget Sound Salmon Recovery Plan 

The Puget Sound Salmon Recovery Plan, in contrast to the above approaches, uses specific 
targets to describe the future, by establishing regional and watershed-specific abundance and 
productivity targets for threatened Pacific salmon and bull trout populations. In 1999, Puget 
Sound Chinook Salmon, Coastal/Puget Sound bull trout and Hood Canal summer chum were 
listed as threatened under the Endangered Species Act (ESA). Subsequently, a number of 
independent recovery plans for Puget Sound salmon populations were initiated, and the Puget 
Sound Salmon Recovery Plan aimed to combine the efforts and strategies of several groups, 
most notably the Shared Strategy for Puget Sound (Shared Strategy) and NOAA’s National 
Marine Fisheries Service [15]. The Shared Strategy generates individual watershed targets for 
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salmon populations based on technical models and historic information, setting target ranges for 
salmon abundance and productivity.  

Using these watershed-specific targets, the Salmon Recovery Plan then establishes short- and 
long-term numerical goals, identifies limiting factors, and offers specific strategies, in some 
cases at the scale of individual tributaries, for reaching those goals. For example, the Lake 
Washington/Cedar River/Lake Sammamish Chinook salmon population’s 10-year goal is 1,600 
spawners, and the long-term goal is between 2,000-12,000 spawners, allocated among the 
different water bodies. The major limitations to achieving increases in productivity and 
abundance include altered hydrology, loss of riparian vegetation, lack of woody debris, and high 
temperatures and pollution levels. The strategies identified to achieve the abundance and 
productivity goals include protecting and managing upper watersheds, restoring stream habitat, 
improving lake habitat and reducing the impacts of urban development. Individual actions are 
recommended for specific tributaries or water bodies.  

The Shared Salmon Recovery Plan defines the future in terms of specific targets for the 
ecological system (salmon abundance and productivity), identifies threats to achieving those 
targets, and lays out strategies and actions for addressing the threats. While it does not offer 
alternate future scenarios, it outlines an adaptive management approach to investigate and 
incorporate sources of uncertainty such as climate change, interactions between wild and 
hatchery fish, effects of poor freshwater and marine water quality, and nearshore habitat 
processes.  

Summary: This approach is one of few that specifically identifies targets for Puget Sound 
ecosystem goals. In the context of a complete results chain approach to achieving a healthy Puget 
Sound, setting targets is critical for understanding the trade-offs between different goals (see 
below). In the context of a comprehensive future scenario process for Puget Sound, targets 
represent concrete objectives against which results from statistical models (e.g., EPM) and 
potential future states of driving forces can be compared. For example, under a warmer, wetter 
climate, with a population focused on near-term objectives, a flat local economy and status-quo 
land use policies, can the stated salmon productivity targets be reached for each watershed? 
Under which scenarios are the targets achievable? Asking these complex questions highlights the 
need for a comprehensive effort to describe the future Puget Sound.  

Summary of Future Scenario Efforts 

The above review of four very distinct efforts to describe a future Puget Sound highlights what is 
needed, and what is missing, in a comprehensive future scenario process. Comprehensive visions 
of a future Puget Sound will chronicle the political motivation and citizens’ desired state; explore 
the uncertainty in the driving forces of the social-ecological system, including climate change; 
draw explicit links between the drivers and the ecological state; and develop targets for future 
state characteristics based on existing data and models. “Vision 2040” provides the best measure 
we have of the public’s vision for the future of Puget Sound; however, this description is missing 
specific references to the ecological system which could help management predict the public’s 
response to or support for certain decisions or trade-offs. Characterizing the major uncertainties 
in the system and offering potential future scenarios based on these is a crucial step in adequately 
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matching ecosystem goals with strategies and actions, and “Future Scenarios” is a very thorough 
treatment of the driving forces behind this uncertainty. Any thorough approach to describing 
potential futures must incorporate climate scenarios, as well as the key socio-economic drivers in 
the system. If these driving forces can be incorporated into the model-based scenarios and on-
the-ground biophysical depictions of policy decisions (effectively exemplified by FRAP and 
EPM), then more accurate assessments of alternate management strategies will be possible. This 
is a formidable task, and the work reviewed above contributes towards that end. A thorough 
effort to describe a future Puget Sound (i.e., Where are we going?) is a partner to larger effort in 
this document, developing indicators for the system (Are we there yet?).  

Key point: Characterizing the major uncertainties in the system and offering potential future 
scenarios based on these is a crucial step in adequately matching ecosystem goals with strategies 
and actions. Any thorough approach to describing potential futures must incorporate climate 
scenarios, as well as the key socio-economic drivers in the system. 

Trade‐offs and Targets 

Among other marine ecosystem management programs in North America, the most common 
approach to defining the future is akin to the FRAP/EPM method described above: develop 
predictions for future ecological states based on existing information, and specifically, generate a 
few land-use scenarios based on policy decisions governing development, growth management, 
pollution controls, transportation and/or conservation, and connect the resulting landscape 
patterns to ecological function, such as nutrient or sediment inputs (e.g. [16, 17]). Less common 
is a thorough examination of the socioeconomic and climate drivers of ecosystem dynamics, as 
in the UERL/PSNERP “Future Scenarios.” However, even in cases where the drivers of the 
ecosystem are well described and incorporated into future scenarios, their utility is limited by the 
extent to which linkages are drawn between drivers, ecological state, and goals or targets.  

Most future scenario-building efforts (including several reviewed above), lack an explicit 
treatment of the trade-offs required to successfully arrive at a desired future state. Moving from 
citizen desires to ecosystem reality requires confronting trade-offs among multiple goals. For 
example, the U.S. Government’s roadmap for restoring the Louisiana-Mississippi Coast 
Ecosystem acknowledges that stakeholders must “jointly evaluate trade-offs that will likely be 
necessary” to meet the multiple goals of ecosystem function, resilience, economics and climate 
adaptation [18]. Such trade-offs are cast in sharp relief when considering the tension between 
local economic prosperity, the global economy and water quality in Puget Sound. The Ports of 
Seattle and Tacoma together comprise the third busiest container port in the U.S. [19], and a 
large proportion of the Puget Sound regional economy relies on the import and export of goods 
through the ports. A growing demand for imports and exports through Puget Sound ports, 
generated by a flourishing global economy, could increase shipping traffic. The Ports of Seattle 
and Tacoma are already challenged to meet port productivity goals as well as water quality 
requirements, and a rise in traffic through the Ports would exacerbate that particular challenge, if 
not necessitate additional construction along Puget Sound shorelines. Both increased shipping 
traffic and increased hardening of shorelines negatively impact Puget Sound marine species, 
food webs, habitat, water quality – each a PSP goal. Other trade-offs likely to emerge include 
those between population increase, development pressures and habitat protection; population 
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increase, agricultural demands and minimum stream flows; and economic prosperity, shipping 
traffic and invasive species control. As these examples highlight, achieving human well-being 
and ecological function without sacrificing economic prosperity in Puget Sound will require 
some compromises.  

In some cases, thorough consideration of trade-offs is not possible owing to the absence of 
targets--the desired future numeric value for an ecosystem indicator. In large part, quantifiable 
targets related to the state of the Puget Sound ecosystem are missing from future scenario efforts 
(one major exception to this is the Shared Salmon Recovery Plan). In the absence of targets, the 
assessment of progress and a complete understanding of trade-offs are elusive. Establishing 
targets forces confrontation with trade-offs; without targets, the definition of “success” – and the 
route to get there – is flexible. Furthermore, in the context of a future scenario process, 
evaluation of scenarios is hampered without targets. Full evaluation of trade-offs, in turn, 
involves describing the human drivers of ecosystem change, such as behavior and perception, 
which highlights the importance of including these driving forces in future scenario processes.  

Key point: Establishing ecosystem targets is essential as it forces confrontation with trade-offs 
among targets. Full evaluation of trade-offs requires examination of the human drivers and these 
driving forces should be central in future scenario processes. 
Management Strategy Evaluation 

One means of addressing trade-offs and targets is management strategy evaluation (MSE), a 
conceptual framework that facilitates testing and comparison of different management strategies 
designed to achieve specified management goals [20]. The MSE process is analogous in many 
ways to the approach employed by the FRAP/EPM effort described previously. Born from the 
concepts of adaptive management of resources [21] and management procedure evaluation [22], 
MSE is an analytical process that follows six basic steps:  

• Policy objectives, target values, and performance measures (measures of success) for 
important resources are defined and quantified.  

• A management strategy is designed to achieve the objectives.  
• The strategy is implemented in an operating model that simulates ecosystem processes 

relevant to the resources of interest. The model may be simple or complex, depending on 
the underlying questions.  

• A simulated monitoring program draws imperfect data from the operating model.  
• An assessment model is run to determine the effect of management on indicator variables 

measured by the simulated monitoring program. The levels of the indicators are 
compared to the pre-determined target values; the difference is a measure of performance.  

• Depending on the outcome of the assessment, decision rules will be activated that either 
continue or adjust the management strategy, until the objective is met.  

This process is repeated for multiple management strategy alternatives, which allows comparison 
of different strategies—in terms of both successes (positive performance measures; rapid 
progress) and weaknesses (negative performance measures, slow progress)—in attaining 
desirable future states. In this way, the potential effectiveness and the potential trade-offs of the 
strategies are understood.  
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Several operating models that are available or in development could support MSE of alternate 
Puget Sound futures. Some available models focus on aquatic and marine issues such as 
municipal water supply [23] and the relationship between terrestrial activities and marine 
biogeochemistry (e.g., [24]). Others focus on terrestrial issues such as land use and urbanization 
impacts on species diversity [25]. Several models in development simulate the structure of the 
marine food web (e.g., the Ecopath with Ecosim model of Central Puget Sound [26]), and are 
well-suited to forecast trade-offs between different resources or stakeholders as a result of 
simulated management actions. Continued development of such models is a high priority.  

Key Point: Formal Management Strategy Evaluation (MSE) is an important tool for assessing 
management scenarios. Several computer models are available that could support MSE, but 
continued model development should be a high priority. 

An Expanded Results Chain Model 

Future scenarios are a critical tool for informing and refining conservation strategies. The PSP 
has adopted the Open Standards for Practice of Conservation framework for performance 
management. A key component of the Open Standards is “results chains,” which map 
management strategies to their expected outcome (e.g., reduction of a threat) and their impact on 
key components of the ecosystem (Figure 1). An individual results chain is comprised of 
multiple components: a goal is linked to a strategy, such as a policy decision, for achieving that 
goal; associated with each strategy are one or more outcomes of that strategy; a second outcome 
or set of outcomes describes an expected change in the ecosystem threat; the threat outcome is 
linked to an ecological impact, which relates to the goal (Figure 1). In the context of the Open 
Standards, alternate future scenarios, whether describing possible trajectories of external drivers 
(e.g., climate change, human attitudes), policy outcomes (e.g., Shoreline Management Act 
amendments), or the state of the economy, can be incorporated into results chains by generating 
ranges for outcomes or impacts, rather than single values. In this way, alternate futures help set 
realistic targets for desired ecological states.  
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Figure 1. An example of a modified results chain, incorporating the influence of future 
scenarios of drivers (orange diamonds) on links in the chain, adding an example of an 
indicator (blue triangle) and showing where a target would be included. The effect of 
future scenarios on a results chain is shown here by overlaying a distribution of possible 
conditions (grey curves) for outcomes or impacts where they are potentially influences by 
future conditions of external drivers. Original chain from [4].  

To illustrate the utility of future scenarios in the results chain framework, we use an example 
where a set of land protection actions from the Puget Sound Partnership’s Action Agenda is 
aggregated into a results chain describing regulatory strategies for protecting and enhancing 
ecosystem components. One sub-chain focuses on a strategy to amend the Shoreline 
Management Act (SMA) by requiring conditional use permits for land development (Figure 1), 
with the ultimate objective of converting less habitat, which would positively impact many 
components of the ecosystem, including salmon [4]. The first “if...then” step in this sub-chain is 
that if the SMA is amended, then the revised version will be enacted. This initial step requires 
approval by voters, through their elected legislative representatives, and is therefore subject to 
the influence of human attitudes and perceptions. Surveys of Puget Sound citizens and 
stakeholders have indicated that, in general, people do not think Puget Sound is alarmingly 
unhealthy, and they are disinclined to make major sacrifices to protect and restore the ecosystem 
[27]. Therefore, there is some uncertainty, a function of human attitudes, about whether this 
legislation would be approved, and that uncertainty is described by a range of potential policy 
outcomes, rather than a single deterministic outcome. In addition, assuming all the outcomes in 
the results chain are achieved, and less habitat is converted by development, climate change can 
still influence the abundance and productivity of salmon populations through other mechanisms, 
and the impact of regulation changes on salmon will be mediated by the potential influence of 
climate change. Therefore, the goal “Salmon” is represented as a range of possible salmon 
populations, rather than a single value. This example illustrates the role of future scenarios in 
developing performance measures and outcomes for conservation plans.  

We have also modified the results chain by adding in indicators, which are connected to the 
Impact (Goal) – in this case, the indicator of “Salmon” is “Chinook returns.” Associated with 
each indicator, also, would be a target, in this case, likely watershed-specific targets for Chinook 
salmon returns, such as those generated by the Shared Salmon Strategy.  

 “The future ain’t what it used to be.” Y. Berra  

Our review of the few efforts to envision a future Puget Sound suggests considerable room for 
future work. While there is clear agreement that the future state of Puget Sound should be 
different than it is now, the region lacks a lucid vision of the desired state of the coupled human-
ecological system. The strong links between human activities and nearshore ecosystem 
components have resulted in most of the effort being direct towards this domain; however, there 
is no doubt that future scenarios for the whole of Puget Sound - from “sea to summit”- are 
required. Externalities of human and natural origin are important driving forces in this coupled 
system and should be included in analyses of scenarios. And, ultimately, these scenarios are most 
useful if they identify trade-offs and develop means for operating along the axes between trade-
offs. The lack of management targets for most components of the Puget Sound ecosystem allows 
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managers and policy makers to avoid confronting many trade-offs and thus encourages 
somewhat narrow (e.g., single ecosystem domains) or vague and ill-defined visions of the future. 
However, our review reveals that the foundation to generate scenarios of a future Puget Sound is 
in place. As the efforts described here continue and expand and new endeavors begin, we expect 
more comprehensive visions of Puget Sound’s possible future to emerge.  

Key point: While there is clear agreement that the future state of Puget Sound should be 
different than it is now, the region lacks a lucid vision of the desired state of the coupled human-
ecological system. However, the foundation to generate scenarios of a future Puget Sound is in 
place. As the efforts described here continue and expand, we expect more comprehensive visions 
of Puget Sound’s possible future to emerge. 

Table 1. Summary of final scenarios generated by “Future Scenarios”; adapted from Table 
6.1 in [11].  

Forward: Low climate change coupled with a greater social ethic of cooperation provided the 
Puget Sound the opportunity and resources to proactively address environmental problems and 
improve the quality of life for all of its residents. While the region’s economy continued to grow 
and immigration doubled the Sound’s population, the region managed to maintain and restore 
ecological function. Residents, governments and industry shared a new understanding of the 
Puget Sound ecosystem as an integrated human-ecological system creating a renewed 
relationship with their environment. 
Order: While climate change was a best-case scenario, population growth coupled with 
increasing consumption placed pressure on the Puget Sound’s resources. An increasingly 
fragmented governmental structure spurred conflict between municipalities and interest groups. 
In spite of existing environmental regulations, a lack of coordination among governmental 
agencies was a major obstacle in improving ecosystem function. Sprawling developments 
coupled with a low investment in the region’s infrastructure, education and health significantly 
reduced the quality of life in the region. 
Innovation: More and greater climate fluctuations increased the Puget Sound’s vulnerability to 
floods, windstorms and fires. Technological innovation mitigated negative impacts on residents 
and infrastructure. The high tech industry led the regional economy, drawing in skilled labor and 
high wages and largely controlling the political arena. Growth rates of new ideas, production, 
immigration and housing development all increased, generating wealth and jobs. Innovation 
allowed per capita consumption levels to remain high through increased efficiency and closed-
loop industrial processes. 
Barriers: Society in the Puget Sound region divided as the disparity between the rich and poor 
was magnified. Escalating climate impacts posed significant threats to private property, regional 
infrastructure and natural resources. Residents responded by building stronger walls, moving 
uphill and securing their investments. As cost of fuel and mitigation rose, the rich buffered their 
families from impeding harm, while the poor were left behind with a continuously degrading 
economy. Government regulations were relaxed in an effort to overcome financial hardships, but 
instead facilitated a growing economic divide and poor management decisions. 
Collapse: Decreased precipitation rates, warmer temperatures and a self-interested short term 
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society spelled disaster for the Puget Sound region. Resource extraction and pollution load 
exceeded critical thresholds causing harm to ecosystem functions. Increased fragmentation and 
decreased precipitation led to droughts, forest fires and massive pest outbreaks. Increasing 
government costs and dwindling resources led to poor investments in infrastructure 
improvements and public services. As the beauty and health of the Puget Sound landscape 
slipped so did major industries, causing a severe economic depression followed by out-
migration. 
Adaptation: Despite major challenges caused by climate change, adaptive management and a 
positive consciousness regarding environmental change allowed the region to cope with the 
emerging problems and maintain high standards of life. Cooperation among residents, businesses 
and governmental units allowed this region to prosper despite increased vulnerability brought on 
by climatic impacts. Production rates decrease, but collective wealth rose due to investment is 
education, health and shared community resources such as public transit and renewable resource 
infrastructure. A growing awareness of future uncertainty embedded the precautionary principle 
into resource management and environmental policies, erring on the side of caution and 
increasing the region’s resiliency. 
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An Approach to Selecting Ecosystem Indicators for Puget Sound 
1. Background  

What are ecosystem indicators and why are they useful?  

Ecosystem indicators are quantitative biological, chemical, physical, social, or economic 
measurements that serve as proxies of the conditions of attributes of natural and socio-economic 
systems [28-31]. Ecosystem attributes are characteristics that define the structure, composition 
and function of the ecosystem that are of scientific and/or management importance, but 
insufficiently specific and/or logistically challenging to measure directly [28-31]. Thus, 
indicators provide a practical means to judge changes in ecosystem attributes related to the 
achievement of management objectives. They can also be used for predicting ecosystem change 
and assessing risk.  

  
Terminology and Concepts 

Indicators 
Quantitative biological, chemical, physical, social, or economic measurements 
that serve as proxies of the conditions of attributes of natural and socioeconomic 
systems. 

Key 
Attributes 

Characteristics that define the structure, composition, and function of a Focal 
Component. 

Focal 
Components Major ecological characteristics of an ecosystem. 

Goals Combine societal values and scientific understanding to define a desired 
ecosystem condition. 

DPSIR 
framework 

Driver-Pressure-State-Impact-Response (DPSIR). Drivers are factors that result in 
pressures that cause changes in the system. Pressures are factors that cause 
changes in state or condition. State variables describe the condition of the 
ecosystem. Impacts measure the effect of changes in state variables. Responses 
are the actions taken in response to predicted impacts. 

For more information and links to references, see Glossary  

Ecosystem indicators are often cast in the Driver-Pressure-State-Impact-Response (DPSIR) 
framework—an approach that has been used by the PSP and broadly applied in environmental 
assessments of both terrestrial and aquatic ecosystems, including NOAA’s Integrated Ecosystem 
Assessment [32]. Drivers are factors that result in pressures that cause changes in the system. 
Both natural and anthropogenic forcing factors are considered; an example of the former is 
climate conditions while the latter include human population size in the coastal zone and 
associated coastal development, the desire for recreational opportunities, etc. In principle, human 
driving forces can be assessed and controlled. Natural environmental changes cannot be 
controlled but must be accounted for in management. Pressures are factors that cause changes in 
state or condition. They can be mapped to specific drivers. Examples include coastal pollution, 
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habitat loss and degradation, and fishing. Coastal development results in increased coastal 
armoring and the degradation of associated nearshore habitat. State variables describe the 
condition of the ecosystem (including physical, chemical, and biotic factors). Impacts comprise 
measures of the effect of change in these state variables such as loss of biodiversity, declines in 
productivity and yield, etc. Impacts are measured with respect to management objectives and the 
risks associated with exceeding or returning to below these targets and limits. Responses are the 
actions (regulatory and otherwise) that are taken in response to predicted impacts. Forcing 
factors under human control trigger management responses when target values are not met as 
indicated by risk assessments. Natural drivers may require adaptational response to minimize 
risk. For example, changes in climate conditions that in turn affect the basic productivity 
characteristics of a system may require changes in ecosystem reference points that reflect the 
shifting environmental states.  

Ideally, indicators should be identified for each step of the DPSIR framework such that the full 
portfolio of indicators can be used to assess ecosystem condition as well as the processes and 
mechanisms that drive ecosystem health. State and impact indicators are preferable for 
identifying the seriousness of an environmental problem but pressure and response indicators are 
needed to know how best to control the problem [33]. However, because of time constraints, we 
opted to focus this initial draft of the PSSU on indicators of ecosystem state. Of course, the 
distinctions between pressure, state, and impact are often muddled and depend very much on 
perspective. For example, water quality is a primary goal of the PSP, and thus indicators of water 
quality provide information on the state of this goal. However, poor water quality is clearly a 
pressure that affects other states (e.g. species and food webs) and impacts (e.g. recreational 
fisheries). Thus, although we do not focus on driver, pressure and impact indicators, many are 
included in this section as well as the section on indicators of human health and well-being. It is 
also important to note that Chapters 1 and 2 of the PSSU are using indicators as tools to assess 
ecosystem status and condition, while Chapter 3 will focus on drivers and pressures of change to 
Puget Sound.  

Relationship to previous indicator work in Puget Sound  

The development of indicators for the Puget Sound ecosystem has a long history with different 
groups adopting slightly different frameworks to meet their varying goals [1, 34-40]. Here, we 
build upon the history of indicator work in the region, extending and adopting it to the current 
management setting in Puget Sound. We accomplish this in several ways. First, we propose a 
framework that links indicators to both PSP ecosystem recovery goals and the PSP performance 
management system. Additionally, we embrace and expand the criteria for indicator selection 
suggested by O’Neill et al. (2008) as part of their earlier indicator vetting for the PSP [34]. We 
also extend previous evaluations by considering potential indicators for which data are currently 
unavailable but are otherwise deserving of attention. Finally, while previous evaluations 
emphasized expert opinion, our approach focuses on peer-reviewed literature, supplemented by 
other sources of information.  

In the 2008 Action Agenda, the PSP articulated six outcome statements that defined key 
attributes corresponding to each of the PSP ecosystem recovery goals [1]:  



April 2011 Puget Sound Science Update  Page 23  Puget Sound Partnership 

• Human health is supported by clean air and water, and marine waters and freshwaters that 
are safe to come in contact with. In a healthy ecosystem the fish and shellfish are 
plentiful and safe to eat, air is healthy to breathe, freshwater is clean for drinking, and 
water and beaches are clean for swimming and fishing.  

• Human well-being means that people are able to use and enjoy the lands and waters of 
Puget Sound. A healthy ecosystem provides aesthetic values, opportunities for recreation, 
and access for the enjoyment of Puget Sound. Tribal cultures depend on the ability to 
exercise treaty rights to fish, gather plants, and hunt for subsistence, cultural, spiritual, 
ceremonial, and medicinal needs. The economic health of tribal communities depends on 
their ability to earn a livelihood from the harvest of fish and shellfish. Human well-being 
is also tied to economic prosperity. A healthy ecosystem supports thriving natural 
resource and marine industrial uses such as agriculture, aquaculture, fisheries, forestry, 
and tourism.  

• Species are “viable” in a healthy ecosystem, meaning they are abundant, diverse, and 
likely to persist into the future. Harvest that is consistent with ecosystem conditions and 
is balanced with the needs of competing species is more likely to be sustainable. When 
ecosystems are healthy, non-native species do not impact the viability of native species or 
impair the complex functions of Puget Sound food webs.  

• Marine, nearshore, freshwater, and terrestrial habitats in Puget Sound are varied and 
dynamic. The constant shifting of water, tides, river systems, soil movement, and climate 
form and sustain the many types of habitat that nourish diverse species and food webs. 
Human stewardship can help habitat flourish, or disrupt the processes that help to build it. 
A healthy ecosystem retains plentiful and productive habitat that is linked together to 
support the rich diversity of species and food webs in Puget Sound.  

• Clean and abundant water is essential for all other goals affecting ecosystem health. 
Freshwater supports human health, use, and enjoyment. Instream flows directly support 
individual species and food webs, and the habitats on which they depend. Human well-
being also depends on the control of flood hazards to avoid harm to people, homes, 
businesses, and transportation.  

• Water quality in a healthy ecosystem should sustain the many species of plants, animals, 
and people that reside there, while not causing harm to the function of the ecosystem. 
This means pollution does not reach harmful levels in marine waters, sediments, or fresh 
waters.  

In order to evaluate the status and condition of the ecosystem and progress towards recovery, it is 
necessary to have a more specific and structured list of attributes that define the characteristics of 
the ecosystem, as well as identify potential indicators for these attributes. Clearly, there is no 
shortage of potential indicators. However, an enormous challenge lies in winnowing down the 
catalog of candidate indicators to a manageable list that are most likely to faithfully track all of 
the important attributes of ecosystem health and, in so doing, enables further progress toward the 
PSP goals.  

Our approach to selecting and evaluating a suite of indicators for the Puget Sound ecosystem was 
to: 1) develop a framework to describe the key ecosystem attributes of Puget Sound, organized 
by each of the PSP goals (Section 3.2), 2) select and organize potential environmental indicators 
according to the key ecosystem attributes (Section 3.2.3-3.24), 3) select a set of criteria to 
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evaluate individual indicators (Section 4), and 4) evaluate the individual indicators according to a 
set of explicit criteria (Section 5) (see [41]). These steps will be described below.  

A framework for selecting indicators within the management context of Puget 
Sound  

Selecting a suite of indicators that accurately characterize the ecosystem, while also being 
relevant to policy concerns, is a significant challenge. A straightforward approach to overcoming 
this challenge is to employ a framework that explicitly links indicators to policy goals [42, 43]. 
This type of framework organizes indicators into logical and meaningful ways in order to assess 
progress towards policy goals. For example, Niemeijer and de Groot (2008) show that in the 
absence of an organizing framework, different indicators can be selected for the same 
environmental issue, even when evaluation criteria and data availability are similar [33]. Without 
a clearly defined link between the environmental issue (or policy goal) and the list of indicators, 
it becomes impossible to tell which set of indicators best characterizes the issue and why. Ideally, 
each indicator has a particular function or role in evaluating the status of an environmental 
concern. A well-defined and transparent framework clearly demonstrates why particular 
indicators were chosen (i.e., what function is fulfilled by each indicator), why others were 
ignored, and how the chosen set of indicators best address the environmental issue. Thus a 
framework is crucial for placing environmental issues and indicators into context so that 
indicators are selected based on analytical logic rather than individual indicator characteristics 
[33]. It also helps avoid redundancies and identifies gaps where indicators are needed.  

In the 2008 Action Agenda, the PSP discussed the need for an organizing framework to analyze 
ecosystem information and provide an integrated assessment of the status of Puget Sound [1]. 
Several frameworks have since been developed by the Partnership, however no framework has 
been formally adopted [37]. Previous frameworks were developed based on general 
recommendations and guidance in the Open Standards for the Practice of Conservation, and 
reports by the U.S. EPA, and the Heinz Center [3, 42, 44]. We have drawn upon these documents, 
as well as Harwell et al. (1999), to develop a broad, hierarchical framework to guide our 
evaluation of Puget Sound ecosystem indicators [43].  

A guiding principle in the development our framework was that it should be reflective of societal 
goals and values, and be policy-relevant [3, 41-43]. The clearest guidance available for values 
and policy relevance are the six statutory goals defined by the PSP. Our framework thus begins 
with these six Goals. We then decompose these goals into unique ecological Focal Components 
within specific habitat domains (i.e., marine, freshwater, terrestrial, and interface/ecotone). Each 
focal component is characterized by Key Attributes, which describe fundamental aspects of each 
focal component. Finally, we map Indicators onto each ecosystem key attribute (Figure 2). Each 
tier of this framework is detailed below.  
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Figure 2. Proposed framework organization for assessing and reporting on ecosystem 
condition in Puget Sound.  

Tier 1: Goals.  

The broadest category of division of our framework is Goals. Goals combine societal values and 
scientific understanding to define a desired ecosystem condition [42, 43]. Explicit descriptions of 
the societal values related to the condition of Puget Sound are encompassed in the six statutory 
goals developed by the PSP [37], as shown in Section 3.1.3.  

These goals reflect both societal and ecological interests in Puget Sound, and have been used as 
the fundamental organizing framework for assessing a ‘healthy’ Puget Sound ecosystem in the 
Partnership Action Agenda [37]. They are policy-relevant, which is foundational in the 
development of this framework. Note that for the purposes of indicator evaluation, we separated 
“Species” and “Food Webs.” This section focuses only on natural ecosystem components. Thus, 
human health and human well-being are addressed elsewhere in the PSSU.  

Tier 2: Focal Components.  

Focal Components are the major ecological characteristics of an ecosystem that can be used to 
organize relevant information in a limited number of discrete, but not necessarily independent 
categories [3]. In the Open Standards for the Practice of Conservation they are referred to as, 
‘focal conservation targets.’ The term ‘Focal Component’ has been used previously by the PSP 
[37] and has been adopted here to keep terminology consistent.  

Focal Components were derived by dividing each of the Goals into distinct habitat domains that 
are characterized by unique qualities or traits. The domains we chose were marine, freshwater, 
terrestrial, and interface/ecotone. The interface/ecotone domain includes zones with a 
combination of traits from the other major groups such as the nearshore environment, wetlands, 
and estuaries.  



April 2011 Puget Sound Science Update  Page 26  Puget Sound Partnership 

This grouping (Table 2) provides a comprehensive view of the major ecological characteristics 
of Puget Sound based on area, and allows Focal Components to be assessed at an individual level 
(e.g., marine habitats), or aggregated into a single environment (e.g., assessing the integrity of 
the marine environment across all marine-related Focal Components).  

Table 2. Summary of Focal Components based on goal and domain.  

Goal Domain Focal Component 
Species Marine Marine Species 
  Freshwater Freshwater Species 
  Terrestrial Terrestrial Species 
  Interface/Ecotone Interface Species 
Food Webs Marine Marine Food Webs 
  Freshwater Freshwater Food Webs 
  Terrestrial Terrestrial Food Webs 
  Interface/Ecotone Interface Food Webs 
Habitats Marine Marine Habitats 
  Freshwater Freshwater Habitats 
  Terrestrial Terrestrial Habitats 
  Interface/Ecotone Interface Habitats 
Water Quality Marine Marine Water Quality 
  Freshwater Freshwater Quality 
  Interface/Ecotone Interface Water Quality 
Water Quantity Freshwater Freshwater Quantity 

Tier 3: Key Attributes.  

Key Attributes are ecological characteristics that specifically describe the state of Focal 
Components. They are characteristic of the health and functioning of a focal component. They 
are explicitly defined based on each Focal Component and provide a clear and direct link 
between the Indicators and Focal Components. A similar tier has been identified by the PSP and 
others. A part of our framework development was an explicit comparison of the Key Attributes 
developed here with those suggested in the other reports. Although they differ in detail, the Key 
Attributes adopted here encompass all those identified by the EPA (2002), Heinz Center (2008), 
and the PSP [37, 42, 44]. Selected Key Attributes are shown in Table 3.  

Table 3. Selected key attributes for each goal. Definitions (or measures) are meant to 
describe what is meant by each attribute. For example, population size is represented by 
the number of individuals in a population or the total biomass.  
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Goal Key Attribute Relevant Measures 

Species Population Size Number of individuals or total biomass; Population 
dynamics 

  Population Condition 

Measures of population or organism condition 
including: Age structure; Population structure; 
Phenotypic diversity; Genetic diversity; Organism 
condition 

Food 
Webs Community Composition Species diversity; Trophic diversity; Functional 

redundancy; Response diversity 
  Energy and material flow Primary production; Nutrient flow/cycling 

Habitats Habitat Area & 
Pattern/Structure 

Area or extent; Measures of pattern/structure 
including: Number of habitat types; Number of 
patches of each habitat; Fractal dimension; 
Connectivity 

  Habitat Condition Abiotic & biotic properties of a habitat; Dynamic 
structural characteristics; Water & benthic condition 

Water 
Quality Hydrodynamics 

Measures such as: Water movement; Vertical 
mixing; Stratification; Hydraulic residence time; 
Replacement time 

  Physical/Chemical Parameters 
(Sediments & Water Column) 

Measures such as: Nutrients; pH; Dissolved 
oxygen/redox potential; Salinity; Temperature 

  
Trace Inorganic & Organic 
Chemicals (Sediments & Water 
Column) 

Measures such as: Toxic contaminants; Metals; 
Other trace elements & organic compounds 

Water 
Quantity Surface Water Hydrologic Regime Measures such as: Flow 

magnitude & variability; Flood regime; Stormwater 

  Groundwater Levels & Flow 
Groundwater accretion to surface waters; Within 
groundwater flow rates & direction; Net recharge or 
withdrawals; Depth to groundwater 

  Consumptive Water Use & 
Supply Water storage 

We reduced the list of potential attributes for each Goal and Focal Component to two or three 
Key Attributes for two reasons. First, this approach is driven by a need for simplicity, 
succinctness, and transparency in the development of an organizing framework. Second, the use 
of only 2-3 attributes for each Goal and Focal Component provides a means to address data gaps 
in the selection and evaluation of indicators. By defining the key attributes broadly, our 
framework allows for situations in which a single attribute (e.g., population condition for the 
Species Goal) can be informed by multiple types of indicators depending on information 
availability (e.g., population condition can be tracked using data on disease for some species, 
data on age structure for others, etc.).  



April 2011 Puget Sound Science Update  Page 28  Puget Sound Partnership 

A discussion of the Key Attributes for each goal follows.  

Key Attributes – Species  

A central goal identified by the PSP is to have ‘healthy and sustaining populations of native 
species in Puget Sound’ that provide ecosystem goods and services to humans, and support the 
structure and functioning of the ecosystem itself [1]. Many different attributes can describe 
whether a population is ‘healthy and sustaining’. For example, the U.S. EPA (2002) identified 
eight different measures (i.e., attributes) of species condition including population size, genetic 
diversity, population structure, population dynamics, habitat suitability, physiological status, 
symptoms of disease or trauma, and signs of disease [42]. Similar attributes identified by Fulton 
et al. (2005) included biomass, diversity, size structure, and spatial structure [45]. Niemi and 
McDonald (2004) suggest attributes based on type, for example, structural attributes include 
genetic structure and population structure whereas functional attributes include life history, 
demographic processes, genetic processes, and behavior [46].  

Historically the PSP has focused on population size as the species attribute, recognizing that 
species health or condition was encompassed by most other PSP goals [40]. More recently the 
PSP identified species key attributes by applying the Open Standards to the Action Agenda [37]. 
The species attributes they selected were forage fish, condition of key fish populations, 
population size and condition of key marine shellfish and invertebrates, population size and 
condition of key marine mammals, population size and condition of key marine birds, extent of 
all salmon species, condition of all listed salmon species, spatial structure of all listed salmon 
species, and population size and condition of key terrestrial bird species [37].  

Population size is defined as the number of individuals in a population or the total biomass of the 
population. Population dynamics that influence changes in abundance over time are also 
included. Population condition combines several measures: population structure, age structure, 
genetic diversity, phenotypic diversity, and organism condition.  

Selection of Species Attributes in Puget Sound  

Ecological attributes are intended to describe the state of an ecological system; in the case of 
species attributes, they are meant to describe the condition or viability of populations of species 
in an area. Measures of population condition or viability are important indicators, yet monitoring 
the status of all species is practically impossible. To address this, focus should be placed on 
identifying species indicators that characterize key interests in the region (i.e., focal species). For 
example, some species exert a disproportionately important influence on ecosystem condition, 
while others relate to biodiversity or are of direct interest to society. Examples of focal species 
include target, charismatic, vulnerable, and strongly interacting species. Target species are those 
fished or harvested for commercial gain or subsistence. Flagship species are those with 
widespread public appeal that are often used to communicate to the public about the condition of 
the ecosystem. Vulnerable species are those recognized with respect to their conservation status, 
for example, threatened, endangered, or of greatest conservation concern. Strongly interacting 
species (e.g., keystone species) are those whose presence, absence or rarity leads to significant 
changes in some feature of the ecosystem (adapted from [47, 48]).  
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The following sections provide examples of the utility of population size and population 
condition in evaluating the status of focal species as well as ecosystem health.  

Population size  

Monitoring population size, in terms of total number of individuals or total biomass, is important 
for management and societal interests. For example, abundance estimates are used to track the 
status of threatened and endangered species and help determine whether a species is recovering 
or declining. Accurate estimates of population biomass of targeted fisheries species are used to 
assess stock viability and determine the number of fish that can be sustainably harvested from a 
region. While population size can be used to assess population viability, more accurate 
predictions of viability can be obtained by including the mechanisms responsible for the 
dynamics of the population. Population dynamics thus provide a predictive framework to 
evaluate the combined effect of multiple mechanisms of population regulation (e.g., birth and 
death rates, immigration and emigration) to evaluate changes in abundance through time.  

Population condition  

Whereas the preceding attribute is concerned with measures of population size, there are 
instances when the “health” of the population may be of interest. For example, monitoring 
changes in population condition may presage an effect on population size or provide insight into 
long-term population viability. The dynamics of many populations are better understood through 
knowledge of population condition such as organism condition, age structure, genetic diversity, 
phenotypic diversity, and population structure. Impaired condition of any or all of these 
subcategories indicates biological resources at risk. In addition, monitoring changes in organism 
condition can be used to infer changes in environmental conditions.  

Organism condition  

Organism condition represents both physiological and disease status. Monitoring organism 
condition may help predict changes in population size, and reveal environmental problems that 
warrant management action. Past efforts by the PSP have focused on organism condition (e.g., 
toxins in harbor seals) as an indicator of Water Quality. While this may be applicable for 
organisms at lower trophic levels (i.e., because they respond at shorter temporal scales), but time 
lags associated with the transfer of toxins through the food web means that higher trophic level 
organisms (e.g., killer whales, sixgill sharks) are unlikely to reveal Water Quality issues at time 
scales relevant to management. We suggest these measures (e.g., toxins in killer whales) are 
better served as an indicator of species population condition.  

Physiological status is the key mechanism linking both organism and population to their 
environment [49]. For example, individuals experiencing increased environmental stress may 
increase levels of stress hormones, eventually killing the individuals and leading to a decrease in 
population size. In the Galapagos, marine iguanas increased stress hormone levels due to fouling 
from an oil spill. The increase in stress hormone levels predicted a decrease in survival by 
approximately fifty percent, which was later confirmed by field studies [50]. Disease status can 
affect population size and dynamics as well. In Prince William Sound, viral hemorrhagic 
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septicemia virus (VHSV) was linked to a reduction in Pacific herring recruitment [51]. A recent 
paper by Landis and Bryant (2010) suggests that disease prevalence in Puget Sound was a 
contributing factor to the decline of Pacific herring (Cherry Point, Squaxin Pass, Discovery Bay, 
and Port Gamble stocks) in the 1970s and 1980s [52]. Thus, monitoring organism condition may 
signal declines in population abundance before it occurs.  

Monitoring organism condition is particularly important for long-lived organisms (e.g., marine 
mammals, rockfish) that live in contaminated habitats. Declines in population size of long-lived 
species may be slow to appear because of their long cohort turnover times. The temporal scale at 
which this occurs makes it difficult to recognize the population is in decline, and respond fast 
enough to prevent severe changes in population dynamics [53]. Declining organism condition 
from contaminant exposure can also interact with diseases so that individuals in poor 
physiological condition are more susceptible to infections [54]. In juvenile salmon, exposure to 
contaminants lead to increased disease susceptibility, significantly reducing population size [55].  

Finally, examining the physical condition of a population may reveal problems with current 
management strategies. For example, salmon injured by gillnets show reduced survival and fail 
to reproduce; this suggests estimates of spawning stocks, which count injured fish as part of the 
aggregate escapement of viable spawners, are inflated [56].  

The remaining subcategories of population condition (i.e., age structure, population structure, 
genetic diversity, and phenotypic diversity) are primarily used for assessing focal species 
condition, and generally do not present information relating to environmental conditions. Due to 
this reason, these subcategories are discussed in terms of relevance to focal species.  

Age structure  

Population age structure is used to estimate population viability by modeling population trends 
through time, and can be especially useful for evaluating the long-term stability of a population. 
Monitoring age structure may also be useful in attributing declines in abundance to specific 
factors, which may otherwise be difficult to detect.  

Robust age structure (i.e., multiple reproductive age classes) is critical for fish populations to 
withstand environmental variability and maintain resilience. Multiple reproductive age classes 
provide resilience for several reasons: (1) overall reproductive output increases, (2) age-related 
differences in spawning locations and timing allocate reproductive outputs across larger spatial 
and temporal areas, and (3) there is increased quantity and quality of eggs produced by older fish 
[57, 58]. Fisheries often target large and therefore old individuals, effectively truncating the age 
structure of the population. This is likely to reduce population resilience.  

In order to attribute declines in stellar sea lion (SSL) populations to specific factors, age-
structure information is required to separate out vital rate changes from population abundance 
estimates [59]. For example, a risk factor (e.g., contaminants) may affect an age-specific vital 
rate but show no corresponding change in population abundance. Examining age-structure trends 
may provide insight into population declines of various species in Puget Sound (e.g., Southern 
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Resident Killer Whales, Pacific herring, rockfish) or elucidate factors that affect age-specific 
organism condition.  

Genetic diversity  

Genetic diversity measures may be important in assessing long-term population viability, as well 
as the ability for a population to adapt to changing environmental conditions. Monitoring genetic 
loci or gene expression may also help detect the onset of selection events such as emerging 
diseases, climate change or land use change, or pollution [60].  

Although not always the case [61], loss of genetic variation can reduce individual fitness (e.g., 
through loss of heterozygosity), as well as the ability of populations to evolve in the future (e.g., 
through loss of allelic diversity) [62]. For example, in Greater Prairie Chickens loss of genetic 
variation was linked with lower hatching success of eggs following population declines [63]. 
Genetic changes (e.g., declines in fecundity, egg volume, larval size, etc.) caused by 
overharvesting fish populations can increase extinction risks and reduce the capacity for 
population recovery [64].  

Phenotypic diversity  

Individual organisms adapt to changing environmental conditions by sensing the changes and 
responding appropriately, for instance, by switching their behavior or physiology. However this 
means that every individual must reserve a portion of their energy to actively sensing and 
adapting to environmental changes. An alternative strategy is to diversify a population: each 
subset of the total population is adapted to a slightly different environmental condition (i.e., 
phenotypic diversity). Sockeye salmon, for example, show a suite of adaptations to the diversity 
of spawning habitats. This phenotypic diversity has proven to be critical under changing 
environmental conditions in Bristol Bay, Alaska. As conditions changed, populations 
demonstrated differential responses so that at different times, different populations became more 
productive [65]. In California, the development of the Sacramento-San Joaquin watershed has 
truncated the life history diversity of Chinook salmon, resulting in the collapse of these 
populations [66]. Recognizing and understanding phenotypic diversity may prevent the loss of 
population subsets that currently appear unproductive, but may prove vital for long-term 
population sustainability.  

Population structure  

Population structure refers to spatial dynamics, or how different populations interact in space. In 
many instances local populations are linked, thereby creating a metapopulation. When 
environmental conditions change, some populations decline while others persist, but the overall 
density of the metapopulation may remain relatively steady. Metapopulations persist through a 
suite of adaptations at the individual (e.g., physiological and behavioral adaptations) and 
population level (e.g., each subpopulation lives in a separate location and contains distinct 
demographic parameters). Understanding the spatial variation of populations, how they interact, 
and how demographic parameters differ among these populations are essential to sound 
management of focal species.  
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For example, sedentary stocks such as benthic invertebrates are typically structured as 
metapopulations; the subpopulations stay connected through larval or juvenile dispersal. The 
strong spatial effects not only make it difficult for a population to persist on its own, but adding 
in pressure from fishing has the chance to lead to stock depletion [67]. In Bristol Bay, sockeye 
salmon populations exist as mixed stocks (i.e., a metapopulation stock complex) during their 
adult phase. Management of salmon has historically focused on the metapopulation stock 
complex, rather than concentrating on the most productive populations. As a result, sockeye 
salmon harvest has remained relatively stable over decades. In the conservation of threatened 
species it is important to recognize that single populations have a high risk of extinction, and 
effectively managing for species persistence requires a metapopulation-level approach. For 
example, recovery strategies for Puget Sound Chinook salmon recommend two to four viable 
subpopulations within each geographic region to reduce the risk of extinction for the 
metapopulation [68].  

 

Figure 3. Summary of framework organization for Species goal. The list of indicators is 
illustrative only, and not complete.  

Key Attributes – Food Webs  

The food web indicator evaluations focused on two key attributes: (1) community composition, 
and (2) energetics and material flows. These two attributes reflect the structure and function of a 
food web and were drawn from a large literature on the subject [42, 69-74]. Food web attributes 
provide a measure of the extent to which different components of the ecosystem interact (e.g., 
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habitats and species) along with important contextual information for understanding the status of 
the individual components themselves.  

We have adopted a broad definition of community composition that includes species diversity, 
trophic diversity, functional redundancy, and response diversity. This definition is consistent 
with “community attributes,” a key attribute for food webs recently designated by the PSP [37]. 
Species diversity encompasses species richness, or the number of species, in the food web, and 
species evenness, or how individuals or biomass are distributed among species within the food 
web [69]. Trophic diversity refers to the relative abundance or biomass of different primary 
producers and consumers within a food web [42]. Consumers include herbivores, carnivores or 
predators, omnivores, and scavengers. Functional redundancy refers to the number of species 
characterized by traits that contribute to a specific ecosystem function, whereas response 
diversity describes how functionally similar species respond differently to disturbance [75]. For 
example, a food web containing several species of herbivores would be considered to have high 
functional redundancy with respect to the ecosystem function of grazing, but only if those 
herbivorous species responded differently to the same perturbation (e.g., trawling) would the 
food web be considered to have high response diversity.  

Like community composition, the second key attribute of food webs, energy and material flows, 
was previously highlighted by the PSP [37]. This attribute includes ecological processes such as 
primary production and nutrient cycling, in addition to flows of organic and inorganic matter 
throughout a food web. Primary productivity is the capture and conversion of energy from 
sunlight into organic matter by autotrophs, and provides the fuel fundamental to all other trophic 
transfer in a food web. Material flows, or the cycling of organic matter and inorganic nutrients 
(e.g., nitrogen, phosphorus), describe the efficiency with which a food web maintains its 
structure and function.  
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Figure 4. Summary of framework organization for Food Webs goal. The list of indicators is 
illustrative only, and not complete.  

Key Attributes – Habitats  

The Puget Sound basin encompasses diverse marine, nearshore, freshwater, and terrestrial 
habitats. As such, a key goal of the PSP is to have ‘a healthy Puget Sound where freshwater, 
estuary, nearshore, marine, and upland habitats are protected, restored, and sustained’ (from 
RCW 90.71.300). Many different ecological attributes may be used to describe habitat status and 
determine whether or not it is ‘healthy’. The U.S. EPA (2002) identified various attributes of 
habitats (referred to as ‘landscapes’) including extent, composition, and pattern/structure; other 
attributes of habitats included dynamic structural characteristics and physical structure [42]. The 
U.S. EPA also acknowledged habitat condition, but recommended its use as a species attribute 
(i.e., habitat suitability) because they defined condition in terms of the organisms of interest [42]. 
Similar landscape attributes identified by the Heinz Center (2008) included extent and pattern 
[44].  

In 2009, the PSP structured their reporting on ecosystem status around two broad indicator 
categories for the habitat goal: extent and condition of ecological systems [37]. These broad 
categories were selected to represent key attributes associated with the habitat goal [37], and 
were used to report on extent and condition of focal habitats in Puget Sound [76]. 
Simultaneously, a PSP working group identified several key habitat attributes including: 
estuarine wetlands, delta or river mouth condition, coastal embayments and lagoons, forage fish 
spawning habitat/substrate, condition of shorelines and condition of beaches, benthic condition, 
marine water condition, freshwater condition, spatial extent of ecological systems (terrestrial), 
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condition of ecological systems or plant associations (terrestrial), and functional condition for 
key terrestrial species [37].  

 

Figure 5. Summary of framework organization for Habitats goal. The list of indicators is 
illustrative only, and not complete.  

Habitat area and pattern/structure combines several measures. Habitat area is defined as the areal 
extent and shape of each habitat type. Pattern/structure refers to the number of habitat types, the 
number of patches of each habitat, fractal dimension (i.e., habitat complexity), and connectivity. 
Habitat condition refers to abiotic properties (i.e., physical and chemical properties) and biotic 
properties (e.g., invasive or nuisance species, dominant species). Dynamic structural 
characteristics (i.e., changes in physical habitat complexity and morphology) are also included in 
habitat condition because they maintain the diversity of natural habitats. Water quality and 
benthic condition also contribute to habitat condition; however, according to the PSSU 
framework, they fall under the Water Quality goal and will therefore be discussed in that section.  

Key Attributes – Water Quality  

The purpose of the framework development with regard to indicator selection, was to ensure that 
there was complete coverage of the goals by the indicators. The first division of goals was into 
ecologically unique domains (e.g., marine water, freshwater, and ecotones), which defined the 
Key Attributes. The properties of the Key Attributes must be known in order to define the state 
of that aspect of the ecosystem. Key attributes must be managed in order to sustain each 
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conservation target (i.e. focal components) [77, 78]. This approach is similar to that previously 
utilized by the PSP [37].  

There are three key attributes, which articulate Water Quality: hydrodynamics, the physical and 
chemical parameters, and trace inorganic and organic contaminants. These key attributes for 
water quality have also been utilized elsewhere [42, 43, 79].  

Hydrodynamics are important characteristics of water quality in marine, freshwater, and 
transitional (e.g., wetlands, estuaries, etc.) systems. River and stream hydrodynamics are defined 
by various aspects of the flow regime including magnitude, frequency, duration, timing, and rate 
of change. Each of these has important impacts on ecology and human health and well-being 
[80-83]. The hydrodynamics of river and stream is discussed in the Water Quantity section of 
this Puget Sound Science Update. Lake hydrodynamics are generally defined by mixing, 
stratification (i.e. the lack of mixing), and residence times. All of these are key aspects of 
nutrient cycling and can be deterministic in lake water quality [84, 85]. Hydrodynamics are also 
important in marine environments. Offshore circulation patterns and seawater intrusions into 
Puget Sound bring in nutrient rich waters, which can impact eutrophication and dissolved oxygen 
(see Chapter 2 of the Puget Sound Science Update; [86-90]). Rivers and streams entering Puget 
Sound create areas of density stratification, which can also affect eutrophication [90, 91]. 
Hydrodynamics are critical in understanding water quality and have been incorporated as a Key 
Attribute.  

Physical and chemical parameters are also crucial in determining water quality. The suitability of 
freshwater and marine water systems to support biota is strongly dependent on temperature and 
dissolved oxygen (DO; see [92, 93] and references therein). Low DO is an issue of management 
importance in the Hood Canal and the south Puget Sound [94]. The level of nutrients such as 
nitrogen and phosphorus in lakes and estuaries can affect primary productivity and habitat 
quality [86, 95-101]. Anthropogenic nutrient inputs have been associated with harmful algal 
blooms (see Chapter 2 of the Puget Sound Science Update; [102]). Increasing levels of 
atmospheric carbon dioxide in the may lead to decreased pH with ocean acidification, potentially 
resulting in severe impacts on key marine organisms with calcium carbonate exoskeletons [103]. 
General physical and chemical parameters are of import in defining water quality and are, thus, 
utilized as Key Attributes.  

The presence and concentrations of trace organic and inorganic chemicals, also known as toxics, 
contaminants, pollutants, etc., may have impacts of the human health and the environment. Much 
of the implementation of the Clean Water Act has focused on the reduction of chemicals into 
surface waters for "the protection and propagation of fish, shellfish, and wildlife and recreation 
in and on the water" [104]. A discussion of the toxic contaminants in Puget Sound is included in 
Chapter 2 of this Puget Sound Science Update, and also Section 5.4. Due to their potential 
importance both ecologically and to human-well being, trace organic and inorganic chemicals is 
a Key Attribute of water quality.  
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Figure 6. Summary of framework organization for Water Quality goal. The list of 
indicators is illustrative only, and not complete.  

Key Attributes – Water Quantity  

In order to evaluate indicators of water quantity, we used three distinct Key Attributes: the 
surface water hydrologic regime, groundwater levels and flows, and consumptive water use and 
supply. The PSP has utilized other organizational frameworks though they selected similar 
attributes. In the 2009 document, “Identification of Ecosystem Components and Their Indicators 
and Targets,” water quantity was not dealt with as an explicit goal but rather as supportive of 
habitats and human uses [37]. This resulted in the selection of freshwater extent, freshwater 
condition, and water supply for end users as attributes – all similar to the Key Attributes used 
herein. The EPA defined surface and groundwater flows as an essential ecosystem attribute 
category with subcategories including pattern of surface flows, hydrodynamics, and pattern of 
groundwater flows [42]. Their framework focused on ecological condition and did not explicitly 
include human dimensions. The Heinz Center reports on the extent of freshwater ecosystems, 
changing stream flows, water withdrawals, and groundwater levels [44]. Other studies have 
reported the use of similar attributes to define the state of water quantity [105].  

The surface water hydrologic regime has important impacts on the regional ecosystems (see [80] 
and references, therein). The groundwater is an important source both for consumptive use and 
river and stream base-flows. Consumptive water use and supply are important measures of 
resource conservation and supply and relate strongly to the human health and well-being of the 
region.  
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Figure 7. Summary of framework organization for Water Quantity goal. The list of 
indicators is illustrative only, and not complete.  

Tier 4: Indicators.  

Indicators are metrics that reflect the structure, composition, or functioning of an ecological 
system [42, 44]. Indicators are measurable characteristics that can assess changes in ecosystem 
attributes. A list of candidate indicators was selected from several sources (see Section 4.1) and 
each indicator was assigned to a specific Key Attribute based on expert opinion. Indicator 
identification and evaluation is discussed in Section 4.  

A conceptual framework for selecting indicators of ecosystem condition is valuable for several 
reasons. First, indicators are often selected based on the degree to which they meet a number of 
criteria individually, rather than on the basis of how they collectively assess ecosystem condition 
[33]. A conceptual framework explicitly includes the inter-relation of indicators as part of the 
indicator selection process, and helps to develop consistent indicator sets [33]. Second, a 
conceptual framework provides flexibility. For example, if the goal is to assess marine 
ecosystem health using only ten indicators, a hierarchical framework provides a way to select 
indicators so that all the relevant ecosystem components are included. In this case, one to three 
indicators would be selected from Marine Species, Marine Food Webs, Marine Habitats, and 
Marine Water Quality in order to ensure adequate representation of all the important features. 
Third, a framework highlights indicators that may be relevant to multiple goals, focal 
components, or attributes. For example, the population abundance of Western sandpipers is 
related to the Species goal, but may also be relevant to the Habitats goal if their abundance 
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reflects changes in habitat condition. Finally, a framework explicitly links 
indicators→attributes→ focal components→goals, which ensures sufficient coverage of the Key 
Attributes essential to each goal. A conceptual framework provides a structured yet flexible way 
to select indicators that best represent the environmental issue at hand.  

Key point: A carefully crafted framework provides a robust means for assuring that ecosystem 
indicators are explicitly linked to societal goals. The approach we present melds a number of 
separate PSP activities into a single, transparent framework and provides a structured yet 
flexible means to select ecologically and socially meaningful indicators. 
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Evaluation of Potential Indicators for Puget Sound 
1. Indicator selection and organization  

We began our evaluation of indicators by compiling a list of available indicators. To build on 
previous efforts, we selected indicators from three sources: a 2008 report titled, “Environmental 
Indicators for the Puget Sound Partnership: A Regional Effort to Select Provisional Indicators 
(Phase 1);” the PSP Action Agenda; and the 2009 PSP Technical Memoranda, “Identification of 
Ecosystem Components and Their Indicators and Targets,” and “Ecosystem Status and Trends” 
[1, 34, 37, 76]. Further, a small number of indicators were identified through a review of the 
regional literature (e.g., [23, 106]) and were also included on the list of available indicators.  

The authors of the “Environmental Indicators for the Puget Sound Partnership” report reviewed 
over 100 documents to create a list of more than 650 indicators that had been proposed or used in 
Puget Sound and Georgia Basin [34]. Using a set of screening criteria, they reduced the list to 
approximately 250 indicators that were “good,” or “potential.” Further, there was a set of 
indicators, which were of, “possible future,” value but were not considered for use in that 
evaluation because they did not have existing data. However, they were included in our 
evaluation. Finally, there was a small group of indicators indentified that were not evaluated in 
the 2008 work. These were also included in the PSSU process.  

The PSP Action Agenda listed a subset of environmental indicators, which had been selected 
based on a review by the PSP Science Panel [1]. This list of 102 indicators was included in our 
evaluation process to ensure completeness.  

In 2009, the PSP began a separate indicator selection process specifically guided by the Open 
Standards for the Practice of Conservation [3, 37] which included the development of Focal 
Components and Key Attributes through a series of workshops. As summarized in the 2009 
Technical Memorandum, “Identification of Ecosystem Components and Their Indicators and 
Targets,” the process resulted in the identification of over 160 indicators, including many 
associated with the Built Environment, Working Marine Industries, Working Resource Lands 
and Industries, Nature Oriented Recreation, and Aesthetics, Scenic Resources, and Existence 
Values [37]. These indicators were included in our evaluation, unless they had been previously 
evaluated and found to be theoretically unsound [34].  

In a parallel effort, the PSP Technical Memorandum, “Ecosystem Status and Trends,” reported 
on a set of 43 indicators [107]. A subset of these were used in the 2009 State of the Sound report. 
All were included for consideration.  

Finally, with specific regard to the indicators of Water Quantity, the literature identifies well 
over 150 unique indicators, which can be utilized to track various aspects of the hydrologic flow 
regime (see [108]). Instead of individually evaluating each indicator, a literature review was 
undertaken to identify issues of potential concern in the Puget Sound region (see Section 5.5) and 
the results of that literature review were used to focus the choice of Water Quantity indicators for 
further evaluation.  
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The entire set of indicators was combined and redundant indicators removed, yielding a 
composite list of over 250 preliminary indicators for evaluation. The indicators were then 
organized according to the Key Attributes of our framework (see Figure 2 in Section 3). Our 
initial organization was based solely on expert opinion and recommendations. The process 
identified several indicators that could be appropriately categorized under more than one Key 
Attribute. However, the evaluation process allowed for the reorganization or reassignment of 
indicators based on the results of the review of the literature.  

Once organized, each individual indicator was evaluated against a set of evaluation criteria, as 
described below. Importantly, the aim of this process was to support the science-policy processes 
of the PSP by evaluating the degree to which indicators meet  

Indicator Evaluation Criteria  

There exist nearly as many guidelines and criteria for developing and selecting individual 
indicators as there exist indicators. The summary of criteria for relevant and reliable indicators 
builds on the recommendations in the indicator report to the PSP [34], and is based on [29, 30, 
33, 41, 43, 109-115]. These criteria apply to indicators of ecosystem state, the focus of this 
chapter. However, the approach and criteria we develop here is immediately transferable to the 
rigorous evaluation of driver and pressure indicators as well.  

We divide indicator criteria into three categories: primary considerations, data considerations, 
and other considerations. Primary considerations are essential criteria that should be fulfilled by 
an indicator in order for it to provide scientifically useful information about the status of the 
ecosystem in relation to PSP goals. Data considerations relate to the actual measurement of the 
indicator. Data considerations criteria are listed separately to highlight ecosystem indicators that 
meet all or most of the primary considerations, but for which data are currently unavailable. 
Other considerations criteria may be important but not essential for indicator performance.  

Other considerations are meant to incorporate non-scientific information into the indicator 
evaluation process. Ecosystem indicators should do more than simply document the decline or 
recovery of ecosystem health, they must also provide information that is meaningful to resource 
managers and policy makers [8]. Because indicators serve as the primary vehicle for 
communicating ecosystem status to stakeholders, resource managers, and policymakers, they 
may be critical to the policy success of EBM efforts, where policy success can be measured by 
the relevance of laws, regulations, and governance institutions to ecosystem goals. Importantly, 
policy success does not necessarily produce effective management since it is possible to be 
successful at implementing poor policy. Nonetheless, advances in public policy and 
improvements in management outcomes are most likely if indicators carry significant ecological 
information and resonate with the public.  

It should be noted that all of the criteria listed need not be weighted equally, nor is it necessary to 
meet all of the criteria for an indicator to be valuable or of use for a specific application. 
Scientifically credible indicators should meet the “primary considerations” we outline below, and 
that further selection and evaluation be based on local needs and guided by the data and other 
considerations. A discussion of potential ranking is in Section 5.6.  
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The criteria we used are as follows:  

Primary considerations  

1. Theoretically-sound: Scientific, peer-reviewed findings should demonstrate that 
indicators can act as reliable surrogates for ecosystem attribute(s)  

2. Relevant to management concerns: Indicators should provide information related to 
specific management goals and strategies.  

3. Responds predictably and is sufficiently sensitive to changes in a specific ecosystem 
attribute(s): Indicators should respond unambiguously to variation in the ecosystem 
attribute(s) they are intended to measure, in a theoretically- or empirically-expected 
direction.  

4. Responds predictably and is sufficiently sensitive to changes in a specific 
management action(s) or pressure(s): Management actions or other human-induced 
pressures should cause detectable changes in the indicators, in a theoretically- or 
empirically-expected direction, and it should be possible to distinguish the effects of 
other factors on the response.  

5. Linkable to scientifically-defined reference points and progress targets: It should be 
possible to link indicator values to quantitative or qualitative reference points and target 
reference points, which imply positive progress toward ecosystem goals.  

6. Complements existing indicators: This criterion is applicable in the selection of a suite 
of indicators, performed after the evaluation of individual indicators in a post-hoc 
analysis. Sets of indicators should be selected to avoid redundancy and increase the 
complementary of the information provided, and to ensure coverage of Key Attributes.  

Data considerations  

1. Concrete: Indicators should be directly measureable.  
2. Historical data or information available: Indicators should be supported by existing 

data to facilitate current status evaluation (relative to historic levels) and interpretation of 
future trends.  

3. Operationally simple: The methods for sampling, measuring, processing, and analyzing 
the indicator data should be technically feasible.  

4. Numerical: Quantitative measurements are preferred over qualitative, categorical 
measurements, which in turn are preferred over expert opinions and professional 
judgments.  

5. Broad spatial coverage: Ideally, data for each indicator should be available in all PSP 
Action Areas.  

6. Continuous time series: Indicators should have been sampled on multiple occasions, 
preferably without substantial time-gaps between sampling.  

7. Spatial and temporal variation understood: Diel, seasonal, annual, and decadal 
variability in the indicators should ideally be understood, as should spatial 
heterogeneity/patchiness in indicator values.  

8. High signal-to-noise ratio: It should be possible to estimate measurement and process 
uncertainty associated with each indicator, and to ensure that variability in indicator 
values does not prevent detection of significant changes.  
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Other considerations  

1. Understood by the public and policymakers: Indicators should be simple to interpret, 
easy to communicate, and public understanding should be consistent with technical 
definitions.  

2. History of reporting: Indicators already perceived by the public and policymakers as 
reliable and meaningful should be preferred over novel indicators.  

3. Cost-effective: Sampling, measuring, processing, and analyzing the indicator data should 
make effective use of limited financial resources.  

4. Anticipatory or leading indicator: A subset of indicators should signal changes in 
ecosystem attributes before they occur, and ideally with sufficient lead-time to allow for a 
management response.  

5. Regionally/nationally/internationally compatible: Indicators should be comparable to 
those used in other geographic locations, in order to contextualize ecosystem status and 
changes in status.  

Indicator Evaluation Process  

After constructing the framework, the explicit definition of the evaluation criteria, and the 
selection and organization of the individual indicators, each indicator was evaluated individually. 
Our intent was to assess each indicator against each evaluation criterion by reviewing peer-
reviewed publications and reports. We chose this benchmark because it is consistent with the 
criterion of peer-review used by other chapters of the Puget Sound Science Update, and it is a 
criterion that is relatively easy to apply in a consistent fashion. However, we do recognize the 
value of non-peer reviewed documents as well as the opinion of expert panels. Consequently, 
where we found such documentation, we include it, while noting that it is not peer-reviewed. The 
result is a matrix of indicators and criteria that contains specific references and notes in each cell, 
which summarize the literature support for each indicator against the criteria. We reiterate here 
that our goal is to review and evaluate indicators that could inform the policy-science process 
underway in the Puget Sound Partnership. We do not recommend a final indicator portfolio.  

Some specific points on the evaluation process:  

1. The intent of including references was to provide sufficient evidence that the indicator 
met (or failed to meet) each of the specific evaluation criteria. Based on the references, an 
independent evaluator should be able to understand the important points of the process.  

2. As is the standard for the entire PSSU, we required references to be peer-reviewed 
publications or reports. Internal agency documents were included when it was clear that 
there had been an explicit peer-review process.  

3. There was a preference for literature based on studies conducted in the Puget Sound 
region.  

4. The evaluation notes were meant to be of sufficient detail to allow an independent 
evaluator to understand the basis for conclusion, when it was not otherwise obvious from 
the references.  

5. Each of the indicators was evaluated against a specific Key Attribute, which they were 
meant to describe. If, however, the detailed evaluation indicated that the indicator better 
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described a different Key Attribute, then the individual reviewing that indicator was 
given the liberty to reassign the indicator.  

6. In some instances no references were found relating an indicator to a specific criterion. 
These cells were left blank.  

7. Some of the Data Considerations were evaluated by a simple yes/no response when the 
conclusion was obvious (e.g., concrete, historical data, operationally simple, numerical, 
spatial coverage, continuous).  

Certain criteria proved to be problematic during the evaluation. These included:  

1. Relevant to Management Concerns. It was not always obvious to a reviewer if a 
particular indicator was relevant to management concerns. Management concerns were 
not always clearly documented or lacked specificity. Often, PSP background documents 
were referenced based on the presumption that they accurately reflected management 
concerns.  

2. Understood by Public and Policy Makers. There is a lack of literature documenting the 
degree to which citizens or their representatives understand the meaning or intent of 
specific ecosystem indicators (or ecological concepts). The evaluation of an indicator 
under this criterion is often presumptive and may vary depending on the reviewer.  

3. Cost Effective. The value of the information from an indicator was difficult to determine. 
Cost effectiveness may be measured by the value of decisions made based on the new 
information from the indicator. This is difficult because not only are decision scenarios 
complex and difficult to evaluate on a cost basis, but it is also difficult to predict the 
range of potential decisions that could be made based on the new information. Further, 
cost effectiveness may be measured by the opportunity cost of choosing one indicator 
over another. Assuming that the suite of indicators (and information) is limited, the value 
of choosing one indicator over another is not only related to the new information gained, 
but also the cost of the information lost by not collecting data for other indicators.  

4. Complements Existing Indicators. It was necessary to have a complete suite of 
indicators in order to evaluate the complementarity and/or redundancy of each of the 
indicators. As mentioned above, this criterion should be applied in a post-hoc analysis.  

Key point: Indicators should be evaluated using widely accepted and transparent criteria. This 
chapter used criteria derived from the vast literature on ecosystem indicators, which were divided 
into three groups: 1) Primary considerations are essential criteria that should be fulfilled by an 
indicator; 2) Data considerations relate to the actual measurement of the indicator; 3) Other 
considerations criteria may be important but not essential for indicator performance. 

Next Step: Evaluations were focused on the presence or absence of peer-reviewed evidence that 
an indicator met each criterion. Thus, we did not evaluate the rigor of the evidence. An important 
next step will be to carefully review the evidence and distinguish between weak and strong 
evidence. 
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Results of the Indicator Evaluations 

Detailed spreadsheets showing the results of the indicator evaluation are available at the 
following link: Indicator Spreadsheets. Summary tables are included at the end of this section. 
Following the framework outlined in Section 3, we organize the results of the evaluation by PSP 
ecosystem goals (i.e. Species, Habitat, Food Webs, Water Quality, and Water Quantity). Each 
goal has been divided per unique ecosystem domain (marine, freshwater, interface, and 
terrestrial).  

A focused discussion of the evaluation by goal is presented in the following sections. The 
discussions include a summary of the results of the evaluation, as well as a presentation of the 
salient issues to Puget Sound, which were identified during the literature review. The section on 
Water Quality includes the complete literature review, which was performed in order to identify 
indicators appropriate for use in Puget Sound.  

1. Species Evaluation  

This version of the Puget Sound Science Update provides an initial evaluation of species 
indicators, but is not intended to be comprehensive. Focal species identified by O’Neill et al. [34] 
were evaluated as either measures of population size or population condition. Many of these 
were identified as potentially good species indicators, and several may be relevant to key 
attributes of the other PSP goals (e.g., habitat condition).  

• The inclusion of more candidate freshwater and interface indicators, as well as indicators 
for population condition of marine and terrestrial species  

• Evaluation of population condition indicators other than those related to organism 
condition (e.g., age structure, population structure)  

• Explicitly defining vague indicators (e.g., insect species)||  

Commonly used data sources to evaluate species indicators included: Washington Departments 
of Ecology, Fish and Wildlife, and Natural Resources, NMFS, USFWS and USGS.  

Indicators of population size  

We focused on three metrics of population size: the number of individuals in a population, total 
biomass, and population dynamics. Population abundance and biomass data are key measures of 
the overall health of a focal species. Insight into the status and trends of a focal species can also 
be used to infer changes in ecosystem structure and function. While population size can be used 
to assess population viability, more accurate predictions of viability can be obtained by including 
the mechanisms responsible for the dynamics of the population. Population dynamics thus 
provide a predictive framework to evaluate the combined effect of multiple mechanisms of 
population regulation (e.g., birth and death rates, immigration and emigration) to evaluate 
changes in abundance through time. The Washington Departments of Ecology, Fish and Wildlife, 
and Natural Resources, USGS, and NMFS, among others, have ongoing monitoring efforts of 
population status and trends for numerous species throughout the sound.  
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The use of species attributes by the PSP has largely been limited to population size. For example, 
in the 2007 and 2009 State of the Sound documents only measures of population size were 
reported for all species indicators (except salmon) [40, 116]. While the PSP has historically 
recognized the importance of monitoring species health or condition, their use of ‘condition’ was 
limited to measurements of toxic contaminants in various species, and was meant to be an 
indicator of Water Quality (see [40, 116]). In the following section we discuss the utility of 
population condition as an independent attribute for assessing the status of focal species in Puget 
Sound.  

Indicators of population condition  

Whereas the preceding attribute is concerned with measures of population size, there are 
instances when the “health” of the population may be of interest. For example, monitoring 
changes in population condition may presage an effect on population size or provide insight into 
long-term population viability. The dynamics of many populations are better understood through 
knowledge of population condition such as organism condition, age structure, genetic diversity, 
phenotypic diversity, and population structure. Impaired condition of any or all of these 
subcategories indicates biological resources at risk.  

Organism condition represents both physiological and disease status. Physiological status reflects 
the general condition of an organism whereas disease status signals the presence of harmful 
agents. Thus monitoring changes in organism condition can be used to infer changes in 
environmental conditions. Population age structure is used to evaluate long-term stability and 
viability of a population by modeling trends through time. Genetic diversity measures are 
important in assessing population condition because loss of genetic variation can reduce 
individual fitness as well as the ability of populations to evolve in the future [62]. Phenotypically 
diverse populations (i.e., each subset of the total population is adapted to a slightly different 
environmental condition) have an increased capacity for adapting to changing environmental 
conditions, which can be vital for long-term population sustainability. Similarly, insight into 
population structure (i.e., how different populations interact in space) can be useful for predicting 
the effects of changing conditions on population viability. WDFW and NMFS monitoring 
programs (among others) provide important information for assessing population conditions.  

Evaluation of species indicators in Puget Sound  

There were seventy-seven species indicators identified by O’Neill et al. [34]and of these, we 
have evaluated sixty. The majority of those evaluated are indicators of population size for marine 
and terrestrial species. Several focal components would benefit from indicator development 
including Interface Species (population size and condition), Freshwater Species (population size 
and condition), and Terrestrial Species (population condition only). The current status of 
indicator evaluations for each species focal component is summarized below.  

Marine species indicator evaluation  

Population size. There were twenty-nine indicators of marine species population size identified 
(Table 4). Most of these indicators are conceptually valid, and about half those evaluated were an 
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overall good indicator of species abundance. There were several good indicators relevant to food 
webs as well as key attributes for other PSP goals (e.g., habitat condition). Valuable data sources 
for assessing marine species abundance included (among others) WDFW, WDOE, WDNR, 
USGS and USFWS, and NMFS.  

In general, indicators that did not perform well failed because:  

• Data are unpublished, poorly documented or does not exist  
• Unable to assess whether they respond predictably to ecosystem attributes or to 

management actions or pressures  
• Variation is not well understood, especially for migratory species  

Indicators that performed well against all criteria included: total run size of salmonids (hatchery 
and wild), salmon and steelhead status and trends, marine bird aerial estimates (non-breeding 
populations), and pinto abalone status and trends. Pinto abalone is a unique indicator because, 
while it performs well against most criteria, is not necessarily theoretically-sound. A study by 
Rothaus et al. (2008) concluded that declines in abalone abundance are not likely to recover due 
to historic overharvesting, making it a poor indicator for healthy and sustaining species [117].  

Table 4. Summary of Marine Species - Population Size indicator evaluations. The 
numerical value that appears under each of the considerations represents the number of 
evaluation criteria supported by peer-reviewed literature. For example, Pinto abalone 
status & trends has peer-reviewed literature supporting 3 out of 5 Primary Considerations 
criteria. Details can be found in the accompanying spreadsheets.  
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Population condition. There were fifteen indicators of population condition (Table 5). Most 
indicators were based on measures of organism condition, with considerably fewer indicators 
representing the other measures of population condition (i.e., age structure, population structure, 
phenotypic diversity, and genetic diversity). In the future, candidate indicators may need to be 
developed for these additional measures of population condition, especially as they relate to focal 
species of management concern.'''  

Many of the indicators of organism condition (e.g., toxics in mussels) listed were evaluated 
under Marine Water Quality; we decided that for the purposes of this document, contaminant-
related indicators in lower trophic level organisms provided pertinent information on water 
condition. Future iterations of the PSSU may choose to evaluate such indicators in relation to 
species condition, especially as the science develops to support the idea of population-level 
effects [120]. The remaining four indicators evaluated under marine species population condition 
were theoretically-sound, and all but one (marine bird mortality) performed well against all 
criteria. These included: toxics in harbor seals, liver disease in English sole, and toxics in adult 
Chinook and coho salmon. Data sources mainly used to evaluate organism condition included 
WDFW, NMFS, Cascadia Research, Fisheries and Oceans Canada, and past PSAT reports. 
Several indicators including smolt to adult return for wild salmonids, salmonid diversity, star 
protein/DNA damage in fish, abnormal fish embryonic development, marine growth and survival 
of juvenile coho, and salmonid population spatial structure still need to be evaluated.  

Table 5. Summary of Marine Species - Population Condition indicator evaluations. The 
numerical value that appears under each of the considerations represents the number of 
evaluation criteria supported by peer-reviewed literature. For example, Marine bird 
mortality has peer-reviewed literature supporting 2 out of 5 Primary Considerations 
criteria. Details can be found in the accompanying spreadsheets.  
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Freshwater species indicator evaluation  

Population size. There were five indicators of freshwater species population size identified 
(Table 6). Of these, three have not been evaluated (mammal species, total number of spawning 
adult salmonids, and freshwater resident fish species). The remaining indicators, waterfowl status 
and trends of midwinter populations and waterfowl breeding surveys, both performed poorly. 
WDFW, USFWS, and the Pacific Flyway Council provide overviews of waterfowl population 
status and trends in the Pacific flyway region, however there are no specific references to 
Washington populations.  
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Also of note, mammal species and freshwater resident fish species may need to be more 
explicitly defined before they are evaluated.  

Table 6. Summary of Freshwater Species - Population Size indicator evaluations. The 
numerical value that appears under each of the considerations represents the number of 
evaluation criteria supported by peer-reviewed literature. For example, Waterfowl 
breeding surveys has peer-reviewed literature supporting 0 out of 5 Primary 
Considerations criteria. Details can be found in the accompanying spreadsheets.  

 

Population condition. Six indicators of freshwater species population condition were identified 
(Table 7), and only one indicator (salmonid population growth rate) has currently been evaluated 
in this section; it received an overall good rating across all the criteria with references primarily 
from NMFS. Three indicators, toxics in juvenile salmon, benthic IBI and aquatic vertebrate IBI, 
are evaluated under Water Quality though they do pertain to population condition as well. Two 
remaining indicators, recruits per spawner of wild salmonids and egg to smolt survival of wild 
salmonids, need to be evaluated.  

Table 7. Summary of Freshwater Species - Population Condition indicator evaluations. The 
numerical value that appears under each of the considerations represents the number of 
evaluation criteria supported by peer-reviewed literature. For example, Salmonid 
population growth rate has peer-reviewed literature supporting 5 out of 5 Primary 
Considerations criteria. Details can be found in the accompanying spreadsheets.  
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Terrestrial species indicator evaluation  

Population size. There were nineteen indicators of terrestrial species population size identified 
(Table 8). Twelve of these indicators are conceptually valid, and about half may be good overall 
indicators of species abundance. Several indicators may provide relevant information to key 
attributes for other PSP goals (e.g., habitat area and condition). Data from WDFW and USGS 
Breeding Bird Survey (BBS) provided nearly all of the information on terrestrial species 
abundance. The residual indicators generally performed poorly because:  

• Data coverage is limited  
• Unable to determine relevance to management or response to management actions or 

pressures  
• Tracking or monitoring species abundance is particularly difficult  

Indicators that performed relatively well against all criteria included: terrestrial game species 
harvest, terrestrial breeding bird counts, terrestrial bird species, and Christmas bird counts. 
Several indicators including deer population status and trends, elk status and trends, backyard 
wildlife population trends, bald eagle status and trends, cavity nesting birds, Taylor’s 
checkerspot butterfly, and marbled murrelets also performed relatively well against the primary 
considerations, but failed most of the data and other considerations criteria.  

The majority of indicators that did well against the criteria are either mammals or birds, and it 
may be useful to develop candidate indicators for underrepresented or absent guilds (e.g., insects, 
plants).  

Table 8. Summary of Terrestrial Species - Population Size indicator evaluations. The 
numerical value that appears under each of the considerations represents the number of 
evaluation criteria supported by peer-reviewed literature. For example, Upland plant 
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species has peer-reviewed literature supporting 2 out of 5 Primary Considerations criteria. 
Details can be found in the accompanying spreadsheets.  
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Population condition. One indicator (Avian flu) has been identified for this attribute but has yet 
to be evaluated (Table 9). New indicators that characterize population condition of focal species 
should be developed for this section.  

Table 9. Summary of Terrestrial Species - Population Condition indicator evaluations.  

Guild Indicator Primary 
Considerations (5) 

Data 
Considerations (8) 

Other 
Considerations (5) 

Summary 
Comments 

Birds Avian 
flu Not yet evaluated    

Interface species indicator evaluation  

Population size. There were two indicators identified for interface species population size (Table 
10). These indicators, stillwater breeding amphibians and amphibian and reptile species, have yet 
to be evaluated. Additional indicators that assess population abundance of focal species should 
be developed for this section.  

Table 10. Summary of Interface Species - Population size indicator evaluation.  

Guild Indicator 
Primary 
Considerations 
(5) 

Data 
Considerations 
(8) 

Other 
Considerations 
(5) 

Summary 
Comments 

Amphibians 
& Reptiles 

Stillwater 
breeding 
amphibians 

Not yet 
evaluated    

 Amphibian & 
reptile species 

Not yet 
evaluated    

Population condition. No indicators have been identified for interface species population 
condition. Candidate indicators may need to be developed for interface focal species population 
condition.  

Food Web Evaluation  

This version of the Puget Sound Science Update provides an initial evaluation of food web 
indicators, but is not intended to be comprehensive. Highlights include the evaluation of 
individual species or species complexes as food web indicators due to their key functional roles 
(e.g., forage fish, jellyfish), and the identification of existing data sources for assessing food web 
structure and function at Washington State agencies and via satellite.  

Next Step: Future versions of this document would benefit from the evaluation of more 
indicators pertinent to the Freshwater and Terrestrial Domains, and the inclusion of more 
candidate indicators in the Marine Domain to ensure a full treatment of the key attributes 
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identified in Section 3.2.3.3. Indicators of energy and material flows deserve particular attention 
in future assessments, as they were not the focus of the review by O’Neill et al. [34]. 

Key Point: Because of the difficulty of directly measuring attributes of food web health, 
ecosystem models have the potential to greatly contribute to the evaluation of foodweb 
indicators [118]. We encourage the development of ecosystem models as a tool for testing the 
performance of food web indicators. 

 

Indicators of community composition  

Species abundance and biomass data can be used to paint a synthetic picture of community 
composition, especially when viewed collectively with respect to particular Domains and in 
relation to species’ trophic and functional roles. Even in isolation, insight into the status and 
trends of keystone species (i.e., those that have a disproportionate influence on food web 
structure relative to their abundance), highly connected species (i.e., those that are consumers of 
and consumed by many other species), minimally connected species, and those species 
representing a large proportion of the biomass in Puget Sound can be useful for interpreting the 
structural configuration of the food web [47]. In addition, species abundance and biomass data 
can be summarized into index values that describe the three different types of diversity defined 
in Section 3.2.3.3 (species, trophic, and response diversity). Dietary composition data, especially 
for higher trophic level predators such as marine mammals and birds, offer an alternative inroad 
to understanding community composition in Puget Sound and are available for a limited subset 
of species. Ongoing monitoring programs led by the Washington Departments of Ecology, Fish 
and Wildlife, and Natural Resources, among others, provide a rich source of information on 
community composition in Puget Sound. The challenge is to sort through these data to extract 
meaningful summary descriptions.  

Indicators of energy and material flows  

Proxies for primary productivity such as chlorophyll a concentration and phytoplankton biomass 
(in the Marine Domain) and leaf area index (in the Terrestrial Domain) are the most widely 
available indicators for energy and material flows in Puget Sound. Remote-sensing data are a 
valuable source of this information, though other, labor-intensive approaches are available for 
obtaining spatially explicit and finely resolved understanding of primary productivity as well 
(e.g., plankton tows, forest inventories, etc.). Alternatives to remote-sensing data are especially 
important in the Marine Domain, where it is difficult to obtain reliable estimates of primary 
productivity in nearshore areas at small spatial scales. More detailed data collection or modeling 
efforts (e.g., Ecopath with Ecosim) are needed to estimate the magnitude of secondary 
production and pathways of energy flows throughout the food web. Biogeochemical approaches 
for measuring cycling rates are well developed, especially with respect to inorganic nutrients, but 
such data are not widely available and can be quite expensive to obtain. Making up for this 
deficiency will require detailed, broad-scale studies of how different species interact with the 
physical and chemical oceanography of Puget Sound to affect processes such as nitrogen fixation, 
carbon sequestration, and microbial decomposition.  
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Evaluation of food web indicators in Puget Sound  

There were nineteen Food Web indicators identified and of these, we have evaluated fifteen. The 
degree to which food web indicators satisfy our evaluation criteria is highly variable, and about 
half of them did not perform well against any of the criteria. The majority of evaluated indicators 
were from the Marine Domain, and no indicators have yet been evaluated for Freshwater Food 
Webs. The current status of indicator evaluations for the Food Webs Goal is summarized below.  

Marine food web indicator evaluation  

Eleven indicators of Marine Food Web community composition and two indicators of Marine 
Food Web Energy and Material Flows were evaluated (Table 11 and Table 12). The status and 
trends of benthic and pelagic fish communities species, marine shorebird diets, and jellyfish 
abundance performed best against the primary considerations for indicators of community 
composition. Of these indicators, however, only marine shorebird diets also met a majority of the 
Data and Other Considerations criteria. The general deficiency of quantitative data suggests the 
potential utility of several indicators while highlighting the need to begin data collection and 
monitoring. Most of the community composition indicators that did not perform well against the 
Primary Considerations also were deficient under the Data Considerations criteria. One of the 
biggest challenges for developing Marine Food Web indicators will be to increase their 
specificity prior to evaluation; several indicators, like the marine biodiversity index, shellfish, 
and benthic macroinvertebrates, were considered too vague to evaluate properly.  

Phytoplankton biomass and chlorophyll a concentration provide similar information about 
primary productivity in the Puget Sound Marine Food Web. Both indicators performed well 
against the Primary Considerations for indicators of energy and material flows. However, 
chlorophyll a concentration met more of the Data and Other Considerations. Due to this 
indicator’s reliance on remotely sensed data, however, it is unlikely to provide information about 
energy and material flows on spatial scales smaller than the PSP Action Areas. We suggest the 
evaluation of additional indicators of energy and material flows in the future.  

Table 11. Summary of Marine Food Webs – Community Composition indicator 
evaluations. The numerical value that appears under each of the considerations represents 
the number of evaluation criteria supported by peer-reviewed literature. For example, 
Macro benthic inverts has peer-reviewed literature supporting 0 out of 5 Primary 
Considerations criteria. Details can be found in the accompanying spreadsheets  
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Table 12. Summary of Marine Food Webs – Energy and Material Flow indicator 
evaluations. The numerical value that appears under each of the considerations represents 
the number of evaluation criteria supported by peer-reviewed literature. For example, 
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Chlorophyll a has peer-reviewed literature supporting 3 out of 5 Primary Considerations 
criteria. Details can be found in the accompanying spreadsheets  

 

Freshwater food web indicator evaluation  

Three indicators of Freshwater Food Web community composition were identified (Table 13), 
but unfortunately none were evaluated for this version of the PSSU. No indicators of Freshwater 
Food Web energy and material flows appear on the list of candidates suggested by O’Neill et al. 
[34]. Indicators of this Focal Component clearly deserve greater attention in future evaluation 
processes.  

Table 13. Summary of Freshwater Food Webs – Community Composition indicator 
evaluations.  

 

Terrestrial food web indicator evaluation  

O’Neill et al. identified one indicator of Terrestrial Food Web community composition (Table 
14), the terrestrial biodiversity index [34]. Unfortunately, because it is still in development, this 
indicator did not meet many of the evaluation criteria under the Primary, Data, and Other 
Considerations. No indicators of Terrestrial Food Web energy and material flows were proposed 
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by O’Neill et al. [34] and none were evaluated. As with Freshwater Food Webs, indicators of 
Terrestrial Food Webs clearly deserve greater attention in future evaluation processes.  

Table 14. Summary of Terrestrial Food Webs – Community Composition indicator 
evaluations. The numerical value that appears under each of the considerations represents 
the number of evaluation criteria supported by peer-reviewed literature. For example, 
Terrestrial biodiversity index has peer-reviewed literature supporting 2 out of 5 Primary 
Considerations criteria.  

 

Interface food web indicator evaluation  

Two related indicators of Interface Food Web community composition were identified by 
O’Neill et al. [34] (Table 15): forage fish and herring status and trends. Both indicators 
performed well against the Primary Considerations, though many of the Data and Other 
Considerations were not met. No indicators of Interface Food Web energy and material flows 
were proposed by O’Neill et al. [34] and none were evaluated. In general, new, additional 
indicators of this Focal Component should be evaluated in the future.  

Table 15. Summary of Interface Food Webs – Community Composition indicator 
evaluations. The numerical value that appears under each of the considerations represents 
the number of evaluation criteria supported by peer-reviewed literature. For example, 
Forage fish status & trends has peer-reviewed literature supporting 4 out of 5 Primary 
Considerations criteria. Details can be found in the accompanying spreadsheets  
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Habitat Evaluation  

This version of the Puget Sound Science Update provides an initial evaluation of habitat 
indicators, but is not intended to be comprehensive. Highlights include evaluation of marine and 
interface habitats (area and condition), as well as evaluation of a number of indicators of 
freshwater and terrestrial habitats condition. Many measures of habitat condition, especially 
those relating to water quality, were addressed under the PSP Water Quality goal.  

• The inclusion of more candidate indicators for habitat area and pattern/structure (of all 
domains)  

• Evaluation of habitat area and pattern/structure indicators for freshwater and terrestrial 
habitats  

• Evaluation of freshwater habitats condition indicators  
• Defining or identifying ‘priority habitats’ for priority habitats condition indicator (which 

appears under marine, freshwater, and terrestrial domains)  

Commonly used data sources to evaluate habitat indicators included: Washington Departments 
of Ecology, Fish and Wildlife, and Natural Resources, and the Washington Biodiversity Council.  

Indicators of habitat area and pattern/structure  

Habitat area and pattern/structure are key measures of the overall health of a system, especially 
when they represent priority habitats. Insight into the status and trends of priority habitats area or 
pattern/structure can be used to infer changes in the status and trends of biota as well as abiotic 
processes. For example, changes in habitat area or pattern/structure can influence the amount of 
water runoff or coastal flooding, as well as regional species persistence. Thus insight into the 
status and trends of habitat area and pattern/structure can be useful for interpreting changes in 
ecosystem structure, function and processes.  

Habitat area reflects the areal extent of a habitat as well as its shape, and can influence local 
population persistence and size for a single species [121]. While habitat area is important for 
maintaining biota, pattern/structure measures (e.g., the number of patches of each habitat, fractal 
dimension, and connectivity) also plays a significant role. The number of patches of each habitat 
(i.e., patch richness) may be correlated with species richness, thus monitoring patch number may 



April 2011 Puget Sound Science Update  Page 62  Puget Sound Partnership 

be used to interpret trends in species biodiversity. Fractal dimension provides a measure of 
habitat complexity; natural areas tend to be more complex compared with human-altered areas, 
leading to changes in species richness [122, 123]. Connectivity between habitat patches affects 
the ability of an organism to cross between patches, and can be important for regional population 
abundance and survival [121]. WDNR monitoring programs, among others, provide an abundant 
source of information on habitat area in Puget Sound.  

Indicators of habitat condition  

Whereas the preceding attribute is concerned with measures of habitat area and pattern, it is also 
important to assess habitat quality or condition. Habitat condition reflects the basic needs of a 
species (e.g., food, water, cover) and is a critical component to predict species distributions [42] 
and population abundance and survival [121]. For example, important variables for fish habitat 
would include water quality parameters (e.g., DO levels, temperature) as well as the presence 
and abundance of non-native invasive species or nuisance species that compete for resources. 
Thus, habitat condition refers to abiotic (i.e., physical and chemical properties) and biotic 
properties (e.g., invasive or nuisance species, dominant species), as well as dynamic structural 
characteristics.  

Abiotic properties (e.g., water and benthic quality parameters) are the most widely available 
indicators for habitat condition in Puget Sound. However, according to the PSSU framework, 
they fall under the Water Quality goal and will therefore be discussed in that section. Biotic 
properties, such as the status and trends of harmful algal blooms or the presence of nuisance 
species, are a key measure of habitat health and can be used to interpret changes in native species 
abundance, distribution, and survival. Dynamic structural characteristics cause changes in 
physical habitat complexity and morphology, and are included in habitat condition because they 
maintain (or eliminate) the diversity of natural habitats. Data collection led by WDNR, WDFW, 
and the Washington Biodiversity Council provides important information on habitat condition in 
Puget Sound.  

Evaluation of habitat indicators in Puget Sound  

There were sixty habitat indicators identified by O’Neill et al. [34] and of these, we have 
evaluated thirty-seven. The majority of those evaluated are indicators of area and condition for 
marine and interface habitats. A small subset of indicators has been evaluated for Freshwater and 
Terrestrial Habitats, and future versions of this document should focus on completing these 
evaluations. The current status of indicator evaluations for each habitat focal component is 
summarized below.  

Marine habitat indicator evaluation  

Area and Pattern/Structure. Three indicators of marine habitat area were identified (Table 16). 
Of these, two (eelgrass status and trends and kelp status and trends) were evaluated and 
performed adequately against the criteria. Both indicators were theoretically-sound, but do not 
respond predictably to management actions or pressures. In particular, it is difficult to determine 
causes of variation in habitat area (e.g., natural vs. anthropogenic impacts). Ongoing monitoring 
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programs led by WDNR and the Pacific Northwest National Laboratory, among others, provided 
extensive information for these indicator evaluations.  

Table 16. Summary of Marine Habitats – Area and Pattern/Structure indicator evaluations. 
The numerical value that appears under each of the considerations represents the number 
of evaluation criteria supported by peer-reviewed literature. For example, Eelgrass status 
& trends has peer-reviewed literature supporting 2 out of 5 Primary Considerations 
criteria. Details can be found in the accompanying spreadsheets  

 

Habitat Condition. There were seventeen indicators of marine habitat condition identified (Table 
17). The majority of those listed refer to biotic properties (e.g., non-native invasive aquatic 
species); considerably fewer relate to abiotic properties. Two indicators (upwelling zones and 
marine water quality parameters) were evaluated under Marine Water Quality; three indicators 
(non-native invasive marine species threat, number of marine native nuisance species, and 
priority habitats condition) have yet to be evaluated. Several indicators performed poorly against 
all criteria because we were unable to determine what they were an indicator of. These included 
the number of salmon net pens, number of oyster culture sites, and number of clam culture sites, 
and may better serve as ‘pressure’ indicators.  

Table 17. Summary of Marine Habitats – Condition indicator evaluations. The numerical 
value that appears under each of the considerations represents the number of evaluation 
criteria supported by peer-reviewed literature. For example, Non-native invasive aquatic 
marine species has peer-reviewed literature supporting 2 out of 5 Primary Considerations 
criteria. Details can be found in the accompanying spreadsheets  
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A subset of related indicators performed well against all criteria and included the number of 
marine species at risk that are threatened/endangered/candidate, number of marine species listed 
under Federal ESA, number of marine species of concern on State list, number of marine species 
of greatest conservation need, and number of marine species of conservation concern. These 
indicators were originally evaluated under Marine Species (population condition), but were 
moved to Marine Habitats because the absolute number of species on any of these lists is a better 
reflection of habitat or environmental condition. All were theoretically-sound, but because each 
indicator is a compilation of species, it is difficult to conclude whether they respond predictably 
to management actions. These indicators appear to convey redundant information. Information 
on these indicators was principally obtained through WDFW and the Washington Biodiversity 
Council.  

Two indicators, aggregation/deposition zones and harmful algal blooms status and trends, 
performed well against primary and data considerations. The remaining indicators (intertidal 
biotic community status and trends and non-native invasive aquatic marine species) received 
poor evaluations. Monitoring efforts by WDFW, WDOH, WDNR, among others, provided 
important data sources for these evaluations.  

Freshwater habitat indicator evaluation  

Area and Pattern/Structure. O’Neill et al. (2008) identified three indicators for freshwater habitat 
area (Table 18) [34]. These indicators (freshwater physical habitat, floodplain connectivity, and 
instream habitat) have yet to be evaluated. As well as evaluating these indicators, it may be 
useful to develop additional candidate indicators for this section.  

Table 18. Summary of Freshwater Habitats – Area and Pattern/Structure indicator 
evaluations.  

 

Habitat Condition. Eighteen indicators of freshwater habitat condition were identified, half of 
which have not been evaluated (Table 19). Several indicators including max temperature, 
sediment loadings rate, stream and lake water quality parameters, and spawning habitat water 
quality, are evaluated under Water Quality though they do pertain to habitat condition.  

Table 19. Summary of Freshwater Habitats – Condition indicator evaluations. The 
numerical value that appears under each of the considerations represents the number of 
evaluation criteria supported by peer-reviewed literature. For example, Number of 
freshwater species of conservation concern has peer-reviewed literature supporting 3 out of 
5 Primary Considerations criteria. Details can be found in the accompanying spreadsheets  
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Evaluated indicators for freshwater habitat condition represent a group of related indicators that 
performed well against all criteria. These included the number of freshwater species listed under 
Federal ESA, number of freshwater species of concern on State list, number of freshwater 
species of greatest conservation need, and number of freshwater species of conservation concern. 
These indicators were originally evaluated under Freshwater Species (population condition), but 
were moved to Freshwater Habitats because the absolute number of species on any of these lists 
better reflects habitat or environmental condition. All were theoretically-sound, but because each 
indicator is a compilation of species, it is difficult to conclude whether they respond predictably 
to management actions. These indicators appear to convey redundant information. Information 
on these indicators was principally obtained through WDFW and the Washington Biodiversity 
Council.  
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Terrestrial habitat indicator evaluation  

Area and Pattern/Structure. O’Neill et al. (2008) identified three indicators of terrestrial habitat 
area: terrestrial land cover status and trends, transportation impacts, and forests and forestry 
(Table 20) [34]. None of these indicators have been evaluated. This section may benefit from the 
addition of new candidate indicators, as well as evaluating the indicators currently identified.  

Table 20. Summary of Terrestrial Habitats – Area and Pattern/Structure indicator 
evaluations.  

 

Habitat Condition. There were nine indicators of terrestrial habitat condition identified (Table 
21). Three indicators, old growth forest change, road densities, and priority habitats condition, 
have yet to be evaluated. Two indicators, non-native invasive terrestrial species threat and 
number of terrestrial native nuisance species, performed well against primary considerations but 
not data considerations. The Washington Invasive Species Council is leading efforts to compile 
numbers and occurrence data for these two indicators.  

Table 21. Summary of Terrestrial Habitats – Condition indicator evaluations. The 
numerical value that appears under each of the considerations represents the number of 
evaluation criteria supported by peer-reviewed literature. For example, Number of 
terrestrial species of conservation concern has peer-reviewed literature supporting 3 out of 
5 Primary Considerations criteria. Details can be found in the accompanying spreadsheets  
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A subset of related indicators performed well against all criteria and included the number of 
terrestrial species listed under Federal ESA, number of terrestrial species of concern on State list, 
number of terrestrial species of greatest conservation need, and number of terrestrial species of 
conservation concern. These indicators were originally evaluated under Terrestrial Species 
(population condition), but were moved to Terrestrial Habitats because the absolute number of 
species on any of these lists better reflects habitat or environmental condition. All were 
theoretically-sound, but because each indicator is a compilation of species, it is difficult to 
conclude whether they respond predictably to management actions. These indicators appear to 
convey redundant information. Information on these indicators was principally obtained through 
WDFW and the Washington Biodiversity Council.  

Interface habitat indicator evaluation  

Area and Pattern/Structure. There were four indicators identified for interface habitat area 
(Table 22). Wetland acreage status and trends has not been evaluated. Two indicators, saltmarsh 
status and trends and riparian habitat, performed well against all criteria. In particular, riparian 
habitat fulfilled all of the primary considerations as well as most of the data considerations. Of 
note, saltmarsh status and trends did not fulfill the theoretically-sound criteria because it is most 
often used as part of an integrative assessment of ecosystem health, rather than a stand-alone 
indicator. Shoreline geomorphology received a poor evaluation because, while it is theoretically-
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sound and relevant to management, data trends are largely missing, especially as they relate to 
changes from natural versus anthropogenic impacts. Monitoring efforts by WDNR and 
Simenstad et al. [124] provided valuable data for these evaluations.  

Table 22. Summary of Interface Habitats – Area and Pattern/Structure indicator 
evaluations. The numerical value that appears under each of the considerations represents 
the number of evaluation criteria supported by peer-reviewed literature. For example, 
Saltmarsh status and trends has peer-reviewed literature supporting 3 out of 5 Primary 
Considerations criteria. Details can be found in the accompanying spreadsheets  

 

Habitat Condition. Percent of shoreline armored, nearshore physical and biotic habitats, and 
wildlife status and trends in restored habitats were selected as indicators for interface habitat 
condition (Table 23). All were theoretically-sound and relevant to management. Percent of 
shoreline armored may be a good indicator, although explicit linkages between armoring and 
effects on biota is largely absent. Nearshore habitats met most of the data and other 
considerations, and may be useful as a leading indicator of how habitat-forming processes have 
been altered in the nearshore environment. Wildlife status in restored habitats appears to be 
costly and time intensive to measure. Principal data sources for these evaluations included 
monitoring efforts by WDNR, as well as Simenstad et al. [124].  

Table 23. Summary of Interface Habitats – Condition indicator evaluations. The numerical 
value that appears under each of the considerations represents the number of evaluation 
criteria supported by peer-reviewed literature. For example, Nearshore physical and biotic 
habitats has peer-reviewed literature supporting 2 out of 5 Primary Considerations criteria. 
Details can be found in the accompanying spreadsheets  
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Water Quality Evaluation  

Recently the PSP listed several contaminants of concern for Puget Sound organized into four 
general categories including toxics, nutrients, pathogens, and other (i.e. deviations in 
physical/chemical state of a water body; [125]). Specific issues related to these categories, 
including discussions on several chemicals of concern, have been detailed therein and elsewhere 
[76]. Nutrients and “other,” will be discussed as physical/chemical parameters; toxics as trace 
inorganic and organic chemicals; pathogens, under the goal Human Health. ''' 5.4.1 Indicators of 
Hydrodynamics'''  

Water circulation patterns in Puget Sound influence water quality. Freshwater inputs from rives 
and streams can create density stratification, which, in turn, can exacerbate conditions underlying 
eutrophication and hypoxia [126]. Washington State Department of Ecology reports on 
stratification based on frequency and intensity. Stratification intensity is based on change of 
seawater density (reported a sigma-t; density in kg m-3 – 1000) over the pycnocline. Frequency 
is determined by the percent of time that the change in density across the pycnocline is greater 
than two. Stratification patterns vary temporally and locally within Puget Sound; stratification is 
generally strongest near areas of freshwater inflow while vertical mixing occurs at sills [90]. 
Status and trends of stratification are discussed in the sections on hypoxia and marine 
eutrophication in Chapter 2 of the Puget Sound Science Update.  

Marine circulation may be the largest factor in the delivery of nutrients to Puget Sound [86]. 
Periodic deep water intrusions over the entrance sill at Admiralty Inlet deliver marine waters into 
Puget Sound [88]. Deep water circulation and residence times vary throughout Puget Sound, and 
also interannually; interannual variations appear to be associated with variations in freshwater 
flows, and salinity at the Strait of Juan de Fuca [127, 128]. Large sale climate variations can 
affect upwelling off the Strait of San Juan de Fuca (and, thus, salinity), surface winds, 
temperatures, and precipitation, possibly influence Puget Sound’s oceanography [89, 129]. Wind 
may be important driver on the circulation of Puget Sound. Wind has been implicated in causing 
outcrops of low-DO water in southern Hood Canal [88].  

Although marine circulation patterns are likely important, particularly in terms of nutrient supply 
to Puget Sound, the magnitude, timing, and influencing factors are not well understood.  
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Indicators of Physical/Chemical Parameters  

Physical and chemical parameters can define the state and status of water with regard to the 
health of humans and the environment. These include temperature (T), dissolved oxygen (DO), 
nutrients such as nitrogen (N) and phosphorus (P), chlorophyll, and the Secchi depth. These 
fundamental measures are often combined into various indices or states, depending on 
management concerns.  

Low DO is of particular concern in marine waters, particularly in the Hood Canal and areas of 
South Puget Sound [76]. A discussion of the status and trends is included in Chapter 2 of this 
Puget Sound Science Update. A discussion of the potential biological effects of low DO are 
included in a literature review performed by the Washington State Department of Ecology as part 
of an evaluation of DO standards for marine and freshwaters [92, 130, 131]. A brief discussion 
of the DO standards is presented in Section 6.8.3.  

Temperature is a critical measure and of importance to instream biota in streams and rivers of the 
region. A discussion of the biological impacts of temperature is included in the literature review 
performed by the Washington State Department of Ecology ([93]; see Section 6.8.3). There is 
currently limited evidence that temperature changes are important in the marine environment of 
Puget Sound.  

Eutrophication, nutrients, chlorophyll, and Secchi depth are measures related to the productivity 
of a water body [86, 95-101, 132-135]. Marine eutrophication is discussed in Chapter 2 of this 
Puget Sound Science Update. An evaluation of the water quality criteria for phosphorus and its 
relationship to Secchi and trophic state has been performed by the Washington State Department 
of Ecology [136].  

The Washington State Department of Ecology and King County utilize a freshwater Water 
Quality Index (WQI) to summarize water quality information in a format that is easily 
understood [137]. The WQI is based on T, DO, pH, fecal coliform bacteria (FC), TN, TP, total 
suspended sediment (TSS), and turbidity. Ranking factors are based on relations to state water 
quality standards (T, DO, pH, and FC; [138]), the limiting nutrient (TN or TP) or a calculated 
harmonic mean (TSS and turbidity). Evaluations of the WQI approach suggest that it be a 
communication tool (e.g. a reporting indicator) but not used for evaluation (e.g., an assessment 
indicator) since it does not reveal specific water quality traits [137, 139-141]. It has also been 
suggested that subjective, professional judgment be minimized in the development of WQIs by 
using published cause/effect relationships [142].  

Rivers and streams in Canada utilize a Canadian WQI (CCME WQI) that is similar to the WQI 
developed by Washington State Department of Ecology. However the CCME WQI reflects 
Canadian standards and is adjusted by the scope, frequency, and amplitude of failed test values 
[143].  

Marine WQIs are currently not used in the Puget Sound region, though one is under development. 
Washington State Department of Ecology has reported on areas where water quality is a concern 
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by summing the results of five water quality indicators (stratification, DO, nutrients, FC, and 
ammonium; [126]).  

Indicators of Trace Inorganic and Organic Chemicals  

The marine waters and sediments of Puget Sound have been affected by different classes of 
anthropogenic chemicals (e.g. toxics); some have been well studied while others less so. Several 
efforts have been made to identify the chemicals of concern in Puget Sound based on historic 
monitoring programs [144-146]. These toxic chemicals included metals and metalloids (arsenic, 
cadmium, copper, lead, mercury, and tributyl tin), organic compounds (polychlorinated 
biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), pesticides, dioxins and furans, 
phthalate esters, polybrominated diphenyl ethers (PBDEs), and hormone disrupting chemicals. In 
2007, the Washington State Department of Ecology, as part of a Chemicals of Concern work 
group, modified this list resulting in the following 17 chemicals of concern for marine waters 
[145].  

• Arsenic  
• Cadmium  
• Copper  
• Lead  
• Mercury  
• Total PCBs  
• Low molecular weight PAHs  
• Carcinogenic PAHs  
• Other high molecular weight PAHs  
• DDT and Metabolites  
• Triclopyr  
• Dioxins and furans  
• bis(2-Ethylhexyl)phthalate Phthalate esters  
• Total PBDEs  
• Nonylphenol  
• Oil or petroleum product  
• Zinc  

Subsequent evaluations added other broad categories of toxics including pharmaceuticals and 
personal care products [76, 147]. These are of concern because of their observed or presumed 
ability to cause harm to human health or the environment.  

There are several state and local monitoring efforts, which address many of these chemicals of 
concern. Chapter 2 of this Puget Sound Science Update reviews the status and trends of 
Persistent Bioaccumulative Toxics (PBTs), which includes PCBs, PDBE, pesticides (i.e. DDT) 
and mercury, PAHs, metals, and endocrine disrupting chemicals.  

The prioritization of toxics in water and sediments for monitoring, evaluation, and potential 
remediation is complex and difficult, particularly considering the vast array of emerging 
contaminants in aquatic environments [148]. In order to determine whether a compound is of 



April 2011 Puget Sound Science Update  Page 73  Puget Sound Partnership 

concern it is necessary to understand its source, distribution, fate and transport, exposure and 
biotic effect. And, although a significant amount is known about certain toxics, very little is 
known about the majority of them [149]. The USGS performed a national reconnaissance, 
sampling in 139 streams and analyzing for 95 toxics and found a common detection of multiple 
contaminants in each sample [150]. Further sampling programs have been performed for 
groundwater and untreated drinking water sources [151, 152]. Similar suites of chemicals were 
found in the groundwater and untreated drinking water sources compared to the river and streams, 
though at a lower detection frequency and generally lower concentrations. Similar results have 
been reported for European sampling surveys [153, 154].  

King County performed a preliminary survey of sixteen known endocrine disrupting chemicals 
in marine waters, lakes, rivers, and small streams [155]. Overall levels were similar to those 
found in national surveys. Specific compounds such as 17α-ethinylestradiol (EE2) and 4-
nonylphenol were detected frequently and at maximum levels greater than the effective 
concentrations reported in the literature.  

Emerging contaminants often occur at very low concentrations and in mixtures; accurate risk 
assessments may depend on the use of relevant exposure scenarios to capture potential 
synergistic or antagonistic effects [156]. For example, individual estrogenic chemicals can act 
additively, causing a response even when the concentration of each individual compound is 
below the known effective concentration [157]. In addition to endocrine disruption, 
environmental estrogen exposure has been reported to induce genotoxic damage, affect immune 
function, and alter metabolism in fathead minnows, [158]. Further, responses to EE2 may be 
different with mixtures of endocrine disruptors compared to EE2 alone, suggesting complex 
interactions.  

This suggests that emerging contaminants are present in Puget Sound and may be 
environmentally significant. As such, indicators of water quality related to these trace inorganic 
and organic chemicals should be evaluated and selected carefully. Sumpter and Johnson suggest 
two possible approaches to evaluate the potential risks and effects associated with emerging 
contaminants [159]. One would be to use contaminant-specific information to identify possible 
exposure-effect relationships combined with hydrology to identify potential hotspots and focus 
analytical investigations. The second approach would begin with investigations of biota directed 
in specific locations by hydrologic modeling to determine if there are any identifiable adverse 
impacts. Both investigatory approaches may be useful in evaluating relative threats from 
emerging contaminants as the relative threats are currently not known.  

The analytical-chemical approach and biota-observation approach are both used for monitoring 
water quality and the selection/utilization of specific indicators. One issue specifically related to 
the selection and evaluation of water quality indicators is whether they are better suited as 
indicators of water-quality or of species condition (or, perhaps, are good indicators of both). The 
Heinz Foundation (2008) reports contaminants in fish in shellfish as a measure of chemical 
contamination of the environment where as EPA’s Science Advisory Board (2002) reports 
contaminants in tissue as a sign of disease potentially affecting species condition [42, 44]. For 
the purpose of this report we recognize contaminants in tissue (i.e. tissue residue levels) and 
biomarkers of contaminant effects as measures indirect indicators of water quality and direct 
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measures of species condition, however species will vary in the ability to reflect local, regional 
and coastal water quality condition.  

There are several indicators of contaminants in biota, which could be either measures of Water 
Quality – Trace Inorganic or Organic Chemicals, or Species – Population Condition. For 
example, the level of contaminants and/or liver disease in English sole has been shown to be 
strongly correlated with the level and presence of polycyclic aromatic hydrocarbons (PAH) in 
sediments, while also being a measure of species health [160-165]. This suggests that liver 
disease in English sole can be a suitable measure of general Marine Water Quality (i.e., PAHs in 
sediments) or of Species Population Condition.  

Vitellogenin (Vtg) production in male fish may be another useful marker of environmental 
exposure to xenoestrogens [166] although unlike liver disease, the causative agent cannot be 
clearly identified. In Puget Sound, elevated levels of Vtg have been reported for English sole 
[167].  

Recently, several studies investigating the causative action of xenoestrogens have implicated the 
disruption of steroidogenic acute regulatory (StAR) protein activity, which may be key in 
moderating the rate limiting step in steroid homone syntheses; evaluating StAR protein activity, 
then, may be a valuable biomarker for xenoestrogen exposure [168-170].  

As these examples illustrate, the value of measuring biological response in biota (i.e. Vtg 
induction in male fish or liver disease in English sole) as an indicator or water quality is 
dependent largely on the strength of the knowledge of the exposure-effect relationship as well as 
the chemical specificity of the of the reaction. A lack of knowledge or a weak causal link would 
imply that the biological response were a poor indicator of water quality.  

The concentration of specific contaminants in aquatic organisms may be appropriate indicators 
of water quality or species condition. Measurements of PAH, PCBs, PBDEs (and metals) and 
metabolites in fish tissues, primarily salmonids and bottom fish, and associated health effects, 
have been well studied in the region [171-175]. In some cases (i.e. PAHs, PCBs, and tributyl tin), 
the evaluation of tissue and sediment data have been used to establish sediments quality 
thresholds [164, 176, 177]. In other cases the presence of contaminants in biota may be reflective 
of environmental conditions, though health effects and thresholds are not well defined [178, 179].  

The use of toxics in biota as indicators of water quality in Puget Sound is discussed below.  

The NOAA National Status and Trends Mussel Watch Program has monitored contaminant 
concentrations in the coastal United States, including at least thirteen sites in Puget Sound, by 
sampling mussels, oysters, and sediments [180, 181]. Mussels have been shown to take up and 
accumulate the bioavaible fraction of hydrophobic contaminants from the water column [182]. 
Tissue concentrations of PAHs, total PCBs, and total DDTs were higher in mussels from the 
urban-associated sites compared to those from less urban areas; adverse health effects were 
observed [183, 184]. In Puget Sound, results indicated no significant trends at most sites, though 
several had decreasing trends and a few (Se) had increasing trends with time [180]. These results 
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are discussed in Chapter 2 of this report. Toxics contaminants in mussels may be an appropriate 
indicator of water quality.  

Tissue sampling of resident Pacific herring populations may allow for general indications of 
water quality. However, because herring populations range widely and feed on planktonic 
organisms (e.g., krill), their contaminant levels reflect conditions in the pelagic food web on a 
large, regional scale. West et al. (2008) was able to discriminate differences in contaminant 
levels between herring populations sampled from inner and outer Puget Sound (i.e. north and 
south of Admiralty Inlet) but not among inner Puget Sound populations [185].  

Due to the lifecycle and migration traits, measures of toxics in adult salmonids may not be 
suitable as indicators of local or regional water quality [186]. It has been shown that over 98% of 
adult body mass of six Pacific salmon species and steelhead is acquired while feeding in marine 
waters [187] but populations of Pacific salmon among and within species vary considerably in 
their marine range and distribution. Adult Chinook salmon may accumulate over 95% of their 
persistent organic contaminant burden during their time at sea, with their final tissue contaminant 
concentrations reflecting the range of exposure throughout their marine water feeding areas [186, 
188]. In contrast, recent work has suggested PCB concentration in tissues of localized 
outmigrating juvenile populations may be correlated with local sediment concentrations [189].  

Tissue analysis of harbor seals in Puget Sound and Strait of Georgia found relatively high levels 
of PCBs, polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated dibenzofurans 
(PCDFs), and that location partially explained the relative concentrations and the mixture 
profiles [190]. Weight of evidence suggests that harbor species are exposed to levels of 
contaminants that have the potential to cause adverse health effects [188]. Although the range of 
harbor seals is relatively small they consume a wide-variety of fish, both local and ranging, 
suggesting that harbor seal contamination may be somewhat disconnected from that of their local 
habitats. As such, they may not be useful as indicators of localized sediments or water column 
contamination. However, a food basket analysis indicated that variances of contaminant 
concentrations in harbor seal population could serve as indicators of food web contamination, 
and environmental contamination on a regional scale [189].  

Tissue samples from free-ranging killer whales found very high levels of PCBs and also of 
PCDDs and PCDFs [188]. The increasing presence of PDBEs in the killer whale food chain may 
also be of increasing import [191]. The range of the killer whales, and the range of their diets, 
suggests that tissue contaminant levels may not correlate well with local or regional contaminant 
conditions [185]. These reports suggest that there are measures of toxics in biota may be suitable 
measures of water quality at local (e.g., bivalves) and regional (e.g., herring, juvenile salmonids, 
or Harbor seals) though appropriate selection is necessary depending on the management 
concern. Toxics in biota can also be utilized as measures of species condition, though the health 
effect thresholds are not always clear for all species of concern.  
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Evaluation of Water Quality Indicators  

Fifty-seven water quality indicators were selected for evaluation, and thirteen were evaluated. In 
general the indicators that were evaluated performed well against the Primary Considerations. 
However, there were often gaps in data, either spatially or temporally.  

Marine Water Quality  

A summary of the evaluation of indicators of Marine Water Quality is shown in Table 24. The 
indicators of marine water quality generally performed well against the criteria suggesting that 
there are many acceptable indicators, which can be selected depending on the issue of 
management concern. Generally, the indicators evaluated under Physical/Chemical parameters 
performed well under the Primary Considerations, and the Data Consideration. However, there 
were often limitations in the spatial and historical extent of the data.  

Table 24. Summary of Marine Water Quality indicator evaluations. The numerical value 
under each consideration represents the number of evaluation criteria supported by peer-
reviewed literature. For example, the indicator Toxics in Mussels has peer-reviewed 
literature supporting 4 out of 5 Primary Considerations criteria. Details can be found in 
the accompanying spreadsheets.  
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There are several indicators concerning measures of contaminants in ecological receptors, which 
could be either measures of Water Quality – Trace Inorganic or Organic Chemicals, or Species – 
Population Condition (see section 5.4.3). The initial indicator organization placed these indicator 
based on trophic level and management concern. Low-trophic-level species were considered to 
be more directly exposed to environmental contaminants and thus more representative than were 
higher-trophic-level species. Toxics in species with high management concern were placed under 
population condition. The detailed evaluation process allowed for reorganization, as appropriate.  

Interface Water Quality  

A summary of the evaluation of indicators of Marine Water Quality is shown in Table 25. To 
date, only one indicator has been evaluated against the criteria.  

Table 25. Summary of Interface Water Quality indicator evaluations. The numerical value 
under each consideration represents the number of evaluation criteria supported by peer-
reviewed literature. For example, the indicator Toxics in Juvenile Salmon has peer-
reviewed literature supporting 5 out of 5 Primary Considerations criteria. Details can be 
found in the accompanying spreadsheets.  

 

Freshwater Quality  

A summary of the evaluation of indicators of Freshwater Quality in shown in Table 26. There are 
several indicators of Freshwater Quality that meet the evaluation criteria. These include 
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measures of contamination, nutrients, and general water condition. Generally, the indicators 
evaluated under Physical/Chemical parameters performed well under the Primary Considerations, 
and the Data Consideration with the exception that they were often limited in the spatial and 
historical extent of the data. No indicators have yet been evaluated under Toxic Organic and 
Inorganic Chemicals.  

Table 26. Summary of Freshwater Quality indicator evaluations. The numerical value 
under each consideration represents the number of evaluation criteria supported by peer-
reviewed literature. For example, the indicator Nutrient Loadings from Rivers to Puget 
Sound has peer-reviewed literature supporting 2 out of 5 Primary Considerations criteria. 
Details can be found in the accompanying spreadsheets.  
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Indicators for freshwater hydrodynamics were evaluated under Freshwater Quantity – Surface 
Water Hydrologic Regime.  
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Next Step: Time constraints prevented a full evaluation of all water quality indicators in marine, 
freshwater and interface environments. An important next step is to complete the evaluation of 
water quality indicators. 

Water Quantity Evaluation  

There are over seventy USGS gauging stations on unregulated rivers and streams in Puget Sound, 
which are continuously collecting streamflow data. There are over 170 specific metrics that can 
be used to evaluate different aspects of streamflow. In order to determine which of these is most 
suitable for Puget Sound, we performed a review of the literature to determine salient 
management and scientific issues. The management issues of concern and potential indicators 
are listed below:  

Management Issue Possible Indicator 

Climate Change 
Stream hydrographs, Summer 7-day Annual Low Flow, Center of 
Timing (CT) of Annual Flow, Spring Snowpack (April 1 Snow-
Water Equivalents) 

Land use 
changes/urbanization: 

Summer 7-day Annual Low Flow, Peak Flow, Flashiness (High 
Pulse Count) 

Ecology See above, Violations of Instream Flow Rules 

These indicators and others were evaluated as described above. A summary of results is shown 
Table 27, Table 28, and Table 29. There are many possible indicators of Water Quantity that 
meet the evaluation criteria.  

Table 27. Summary of Freshwater Quantity - Surface Water Hydrologic Regime indicator 
evaluations. The numerical value that appears under each of the considerations represents 
the number of evaluation criteria supported by peer-reviewed literature. For example, 
Frequency of flood events has peer-reviewed literature supporting 4 out of 5 Primary 
Considerations criteria. Details can be found in the accompanying spreadsheets  
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Table 28. Summary of Freshwater Quantity – Groundwater Levels and Flow indicator 
evaluations. The numerical value that appears under each of the considerations represents 
the number of evaluation criteria supported by peer-reviewed literature. For example, 
Annual 7-day low flow has peer-reviewed literature supporting 3 out of 5 Primary 
Considerations criteria. Details can be found in the accompanying spreadsheets.  

 

Table 29. Summary of Freshwater Quantity – Groundwater Levels and Flow indicator 
evaluations.  

 
Surface Water Hydrologic Regime – Overview  

The Puget Sound basin includes at least thirteen major river systems and numerous tributaries, 
which can be classified as rainfall-dominated, snowmelt-dominated, or transitional [191-193]. 
Rainfall-dominated rivers exhibit peak flows during winter; snowmelt-dominated rivers have 
peak flows in late-spring and late-fall with low winter flows. Transitional rivers exhibit less 
pronounced high or low flows in the late-Fall and late-spring, and winter. Hydrologic flow 
patterns are important both ecologically and in terms of consumptive resources. Alteration of 
historic flow patterns may cause ecological harm and supply disruptions [23, 80]. Hydrologic 
flow regimes in Puget Sound rivers have been altered through the construction of dams for flood 
control or power generation, or by changes in land cover and climate. Flows in the Skagit, 
Nisqually, Green, Skokomish, and Cedar rivers are regulated by dams [76].  

There are over seventy USGS gauging stations on unregulated rivers and streams in Puget Sound. 
As such, there are ample data available for flow analysis and it is possible to use this data to 
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evaluate streamflow patterns in many different ways. In order to determine which is the best way 
to analyze the data it is important to consider what are the most significant ecological and 
management concerns of the region. The bulk of this section presents a literature review that is 
intended to determine the important management and ecological issues of Puget Sound.  

Indicators of Hydrologic Alteration  

The surface water hydrologic regime of a river or stream can be characterized through measures 
of magnitude, frequency, duration, timing, and rate of change [174]. At least 170 specific metrics 
have been used to describe specific aspects of the hydrologic regime resulting in the potential for 
considerable redundancy [108]. The most suitable metric, or suite of metrics, is dependant on the 
specific nature of the question being addressed or the issues that are of greatest management 
concern [32, 63, 64].  

The Puget Sound Partnership (PSP) has identified the following issues of potential concern 
related to water quantity in Puget Sound:  

• Consumptive use of surface and groundwater;  
• Changes in hydrology related to land use;  
• Climate change;  
• Modification to stream and floodplain habitats [125]  

A stated goal of the management of water quantity in Puget Sound is:  

• In-stream flows directly support individual species and food webs, and the habitats on 
which they depend [1].  

The intent of this section is to describe the process of determining an appropriate set of indicators 
of hydrologic alteration, which are relevant to management concerns. Indicators will also be 
screened according to the criteria discussed elsewhere in this Puget Sound Science Update.  

The following sections describe a review of the recent literature with geographic focus on Puget 
Sound. There were two objectives of the literature review: 1) determine which of the indicators 
of hydraulic alteration would be most appropriate based on the predicted or observed alternations 
related to land use change and climate change, and 2) determine which aspects of the flow 
regime are known to be most relevant to the aquatic species in Puget Sound streams and rivers.  

Discussions of consumptive water use and habitat alterations are elsewhere.  

Indicators of Hydrologic Alteration – Climate Change  

Indicators of Hydrologic Alteration – Climate Change – Summary  

• Analysis of historic streamflow data in the Western United States suggest that spring 
snowpack is decreasing and streamflow timing is getting earlier in the water year. These 
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trends are apparent despite significant annual and systematic variation associated with the 
El Niño/Southern Oscillation and the Pacific Decadal Oscillation.  

• Temperatures in the Puget Sound region are projected to increase an average of 
approximately 0.3°C per decade over the 21st century due to climate change.  

• Increasing temperatures may lead to decreased spring snowpack, earlier spring runoff, 
and lower summer flows.  

• Climate change associated hydrologic alterations may lead from snowmelt or transition 
(snow-rain) flow patterns to rainfall dominated flow patterns.  

• Decline in snowpack may be problematic for regional water supplies as most systems 
have been developed base on historic flow patterns [194]  

Indicators of Hydrologic Alteration – Climate Change – Literature Review  

Puget Sound river hydrology may be affected by climate change. Precipitation in the region 
occurs predominately in the winter months. The accumulation of snow in the mountains is a 
primary storage mechanism particularly for the snowmelt-dominated and transitional river 
systems. It has been estimated that upwards of 70% of total stream discharge in the Western 
United States is from melting snowpack [192]. An estimated 27% of summer streamflow of the 
Nooksack river originates from high-elevation snowshed and glacier-derived meltwater [193]. 
Climate change assessments have predicted increased winter and spring temperatures resulting in 
decreased snowpack storage in the mountains, increased winter runoff as more precipitation falls 
as rain, and lower summer flows [83, 192, 197-200]. Climate change may force rivers with 
snowmelt-dominated and transitional hydrological flow patterns toward rainfall-dominated 
hydrology [194].  

Prediction of the regional impacts of climate change on river and stream hydrology can be 
confounded by typical variation in rainfall patterns, high geographic variability, and land use 
changes. There are at least two large-scale systems that affect the annual climate variations in the 
Pacific Northwest [201]. The El Niño/Southern Oscillation, with a period of 2 to 7 years, and the 
Pacific Decadal Oscillation (PDO), with an estimated half-period of 20 to 30 years. Warm and 
cool phases of the El Niño/Southern Oscillation and/or Pacific Decadal Oscillation may result in 
variations on the order of 1°C for temperature, and 20% for precipitation [201]. Hamlet et al. 
(2005) utilized a Variable Infiltration Capacity model to discern long-term trends in spring 
snowpack from temperature and precipitation variability [195]. They found that downward 
trends in snowpack associated with temperature were related to widespread warming. Trends of 
snowpack associated with precipitation were largely controlled by decadal oscillations; climate 
change effects on precipitation have not been detected [196].  

Mote et al. (2008) concluded that the primary factor in decreasing snowpack in the Washington 
Cascades was rising temperatures, consistent with the global warming [196]. The long-term 
snowpack trends were unrelated to the variability brought about by Pacific oscillations (e.g., 
PDO).  

Casola et al. (2009) investigated the potential impacts of climate change on snowpack by 
combining future temperature predictions with the estimated temperature sensitivity of spring 
snowpack [203]. They utilized four distinct methods to estimate sensitivity and all four 



April 2011 Puget Sound Science Update  Page 86  Puget Sound Partnership 

converged on a result of approximately 20% loss in spring snowpack per 1°C temperature rise. 
Analysis of historic and projected temperature data indicated that snowpack reductions over the 
past 30 years ranged from 8%-16% while future temperature change would result in an 11%-21% 
reduction in spring snowpack by 2050. However, future trends may not be statistically detectable 
due to a high level of interannual variability.  

Barnett et al. (2008) utilized a multivariate analysis to evaluate the simultaneous changes in 
average winter temperature, snow pack, and runoff timing in the Western United States 
(including the Washington Cascades) for the period from 1950 – 1999 [83]. They found 
significant increasing trends in winter temperature, and decreasing trends in snow pack and 
runoff timing (indicating earlier snowmelt). In order to distinguish natural variation from 
anthropogenic forcing they evaluated the observations against two separate climate models and 
found that the hydrologic changes were both detectable and attributable to anthropogenic forcing.  

Stewart et al. (2004) investigated historic (1948-2000) and future streamflow timing in snowmelt 
dominated rivers and streams in the Western United States [197]. They found significant trends 
towards earlier runoff in many rivers and streams in the Pacific Northwest. Utilizing a ‘Business-
as-Usual’ emissions scenario with a Parallel Climate Model, they predicted a continuation of this 
trend, largely due to increased winter and spring temperatures but not changes in precipitation. In 
a companion study they further analyzed the trends in streamflow timing with variations of the 
PDO [198]. While streamflow timing was partially controlled by the PDO there remained a 
significant part of the variation in timing that was explained by a longer-term warming trend in 
spring temperatures.  

Luce and Holden (2009) utilized quartile regression to investigate the trends in streamflow in wet 
(75th percentile), dry (25th percentile), and average (50th percentile) water years in rivers in the 
Pacific Northwest [199]. They reported that the highest proportion of significant decreasing 
trends occurred during the dry years, while there were few significant trends in the high flow 
years, concluding that the dry years were getting dryer in the Pacific Northwest. This aspect of 
the trends accounted for much of the increased variability in annual streamflow.  

Recently, the Climate Impact Group, part of the Joint Institute for the Study of the Atmosphere 
and Ocean (JISAO) at the University of Washington performed The Washington Climate Change 
Impact Assessment. The assessment included analyses on hydrology and water resource 
management in which they utilized results from 20 global climate models and two emissions 
scenarios from the IPCC Special Report on Emissions Scenarios (A1B and B1) to evaluate 
projected changes in spring snowpack and runoff [200]. For the rivers in the Puget Sound basin 
they found a dramatic decrease in spring snowpack with there being almost no April 1 snowpack 
by 2080. During that period, river hydrographs progressively changed from transition or snow-
rain dominated to rain dominated patterns. There was little predicted change in annual 
precipitation.  
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Indicators of Hydrologic Alteration – Climate Change ‐ Relevant Indicators  

Based on the review of the literature, the following indicators of hydrologic alteration may be 
suitable to monitor and evaluate potential changes in the hydrologic regime brought about by 
climate change:  

• Stream hydrographs  
• Summer 7-day Annual Low Flow  
• Center of Timing (CT) of Annual Flow  
• Spring Snowpack (April 1 Snow-Water Equivalents)  

Indicators of Hydrologic Alteration – Land Use/Urbanization  

Indicators of Hydrologic Alteration – Land Use/Urbanization – Summary  

• Puget Sound region has experienced extensive development and urbanization. The 
population of the 12 counties surrounding Puget Sound was approximately 4.2 million in 
2005; it is expected to increase to 5.5 million by 2025 [201].  

• Land use changes associated with increases in population affect river and stream 
hydrology. Typical changes include reduced infiltration and increased runoff, increased 
flashiness, and decrease in summer flows.  

Indicators of Hydrologic Alteration – Land Use/Urbanization – Literature review  

Alterations in land use can affect stream and river hydrology in various ways (see [80] and 
references therein). Urbanization is associated with the increase of impervious surface area, 
which can result in increases the severity and frequency of peak stream flows by reducing 
infiltration and increasing runoff; overall annual stream flow volumes are generally not affected 
[209-215]. Urbanization my lead to lower base flows from reduced infiltration, though this effect 
can be somewhat offset by a reduction in evapotranspiration from the clearing of trees [212]. The 
construction of storm drain systems has been implicated as a primary factor in the reduction a 
base flows [202]. Logging of forested lands increases annual flow by reducing 
evapotranspiration in the watershed though other hydrologic changes such increasing flooding 
are disputed [217-219]. River basin land use alterations may lead to alterations in channel 
morphology which can exacerbate flooding potential without changes in stream flow [203].  

Burges et al. (1998) compared hydrology from a forested and a developed basin in Puget Sound 
lowlands [204]. They found that surface runoff accounted for 12%-30% and 44%-48% of rainfall 
on forested and developed catchments, respectively, suggesting that the rate of infiltration was 
much higher in the forested basin. In a similar study, Leith and Whitfield (2000) found an 
increased streamflow in basins with the most increase in urbanization compared to basins with 
less development [205]. Moscript and Montgomery (1997) found an increased flood frequency in 
streams with urbanized watersheds compared to nearby control watersheds, which had not 
undergone development [206].  

Konrad and Booth (2002) investigated possible hydrologic effects related to urbanization by 
evaluating stream flow statistics from ten streams in the Puget Sound basin [207]. They found 
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that the fraction of the year that flow was above average annual flow (TQ,mean) and the 
maximum annual flow (Qmax) had significant trends in the urbanized basins compared to the 
rural basins and could be useful in monitoring the effects of urbanization on stream hydrology. 
They suggested that TQ,mean might be of more practical use. Fleming (2007) analyzed the 
effects of urbanization by examining stream memory (i.e. the effect of prior stream flow on 
current discharge) in urbanizing and rural watersheds in the Puget Sound lowlands [208]. He 
reported that memory decreased in the developed basin over time but not the undeveloped basins, 
suggesting that flow memory would be a useful measure of development in a watershed, though 
may be dependent on basin size, with larger basins exhibiting a greater fidelity in memory.  

Cuo et al. (2009) utilized a Distributed Hydrology-Soil-Vegetation Model in order to determine 
the relative effects of land cover and temperature change on the flow patterns in Puget Sound 
streams [211]. They found that the relative importance of temperature and land cover differed 
between the upland and lowland basins. In the lowland basins land cover changes were more 
important and generally resulted in higher peak flows and lower summer flows primarily from 
increased runoff. Both land use change and climate effects were more important in the upland 
basins. Climate effects were more important in the transitional zones and resulted in higher 
winter flows, earlier spring peak flows, and lower summer flows.  

Indicators of Hydrologic Alteration – Land Use/Urbanizations ‐ Relevant Indicators  

Based on the review of the literature, the following indicators of hydrologic alteration may be 
suitable to monitor and evaluate potential changes in the hydrologic regime brought about by 
land use/urbanization:  

• Summer 7-day Annual Low Flow  
• Peak Flow  
• Flashiness (High Pulse Count)  

Hydrologic Regime – Ecology 5.5.2.2.5 Hydrologic Regime – Ecology – Summary  

• Aquatic species in Puget Sound rivers and streams are generally adapted to historic flow 
patterns.  

• Salmonid species appear to be sensitive to land use changes in watersheds with streams in 
urban areas being associated with less robust populations of coho compared to forested 
areas.  

• Benthic invertebrate communities appear to be negatively affected by increased 
flashiness of stream hydrology associated with urbanization.  

Hydrologic Regime – Ecology – Literature Review  

The alterations of river and stream hydrology can affect aquatic ecosystems by changing 
physical habitats, disrupting the natural connectivity of habitats, or by facilitating the successful 
invasion of exotic species [224]. Native species may have evolved according to the pressures and 
timing of natural flow regimes; altering flow patterns may negatively affect those species [225]. 
However, it is not always possible to separate the biological impacts of altered river or stream 
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hydrology from the biological impacts associated with the land-use changes that often 
accompany or force the alteration in hydrology.  

Several studies have attempted to evaluate the ecological impacts of altered land use in stream 
and river watersheds in Puget Sound. Spawner survey data collected by Moscript and 
Montgomery (1997) suggested a decline in salmon populations in basins that underwent 
urbanization, but not in a nearby control basin [206]. Scott et al. (1986) compared fish 
populations in a urbanized stream with a nearby unaffected control stream and found that while 
overall fish biomass was similar between the two sample sites there were differences in species 
composition [209]. The urbanized stream population was dominated by cutthroat trout while the 
control stream population consisted of a wide array of salmonids, including coho, and non-
salmonids.  

Pess et al. (2002) performed a broad-scale analysis over 16 years to investigate salmon 
abundance with land use and habitat in the Snohomish river basin [210]. The proportion of adult 
coho supported by a particular stream reach was consistent over the course of the study and the 
median adult coho density was consistently higher in the forested areas compared to the more-
developed areas.  

Bilby and Mollot (2008) compared the distribution of spawning coho salmon in four Puget 
Sound rivers with changes in land use between 1984 and 1991 [211]. They found that, while the 
overall numbers of spawning coho changed at all sites, there was an approximately 75% 
reduction in the proportion of salmon spawning in areas of increased urban land use as well as a 
smaller decline in areas with increased agricultural land use activities. They suggested that the 
protection of spawning habitat may be important.  

While these studies demonstrate relationships between urbanization and ecology, and 
urbanization has been shown to affect stream hydrology, there are several other factors, 
including an increase in contamination input from surface runoff and habitat modification, which 
likely influence the results [212]. There are several are several other studies which have 
attempted to elucidate the specific effects of hydrologic changes on in-stream ecology, including 
fish and benthic invertebrates; these are discussed below.  

High flows can affect salmon returns by disrupting redds, increasing deposition of fine sediments 
and reducing dissolved oxygen transfer, reducing growth rates, or increasing downstream 
displacement and mortality [225]. In a Puget Sound stream, egg burial depths were observed to 
be slightly deeper than typical scour depths caused by flooding during the incubation period 
suggesting an adaptation to environmental flow conditions [213]. Increases in peak flow due to 
land development or other causes may then significantly contribute to embryo mortality. Schuett-
Hames et al. (2000) also investigated scour depth in two locations in a Puget Sound lowland 
stream [214]. They observed sediment scour during two storm events with estimated return 
intervals of 1 and 1.4 years and found that scour depths reached median egg pocket depths at 20% 
of the monitored sites during the larger storm. This suggests that scour related to high flows may 
be important in salmon mortality in Puget Sound.  
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Beamish et al. (1994) identified an inverse relation between anomalously high flows and indicies 
of production for coho and Chinook salmon in the Frasier River but not for chum, pink, or 
sockeye salmon suggesting that, at least in some cases, extreme flows may affect survival [215]. 
They did not identify a causative mechanism.  

Greene et al. (2005) utilized standard multiple regression analysis to evaluate correlations 
between various environmental factors in the freshwater, bay/delta, and ocean habitats and the 
return rates of Chinook salmon in the Skagit River [232]. Their results indicated that flood 
magnitude, as measured though the Flood Recurrence Interval of the peak flow during incubation 
period, was a strong predictor of the return rate for Chinook salmon; there was a negative 
correlation between flood magnitude and salmon returns. A bay habitat factor, which was 
calculated based on measures of sea level, sea level pressure, and upwelling, was also 
significantly correlated with Chinook return rates.  

In order to evaluate the overall effects of anthropogenic changes on salmon abundance, 
Scheuerell et al. (2006) utilized a multistage model to incorporate population growth, habitat 
attributes, hatchery operations, and harvest management based on predictive relationships from 
the published literature [233]. Relationships between peak daily flow during incubation period to 
egg-to-fry survival rate for Chinook or sockeye have been reported for Puget Sound rivers [234-
237]. Although the reported data generally indicate a decrease in egg-to-fry survival with 
increasing peak flow during incubation period, the apparent best-fit regression (i.e. negative 
exponential, logarithmic, or linear) varies, demonstrating the uncertainty in the relationship. 
Battin et al. (2007) utilized the same relationship but also considered the potential limitations on 
spawning capacity that could be brought about by minimum flows during the spawning period 
[216]. They found that the model results were relatively insensitive to spawning capacity (and 
minimum flows).  

Summer flows have been shown to be correlated with coho run strength in Puget Sound [217].  

Bauer and Ralph (2001) evaluated the potential utility of incorporating aquatic habitat indicators, 
including those related to flow regime, into legal standards for water quality [218]. However, 
they concluded that the effects of low flow on habitat availability was sufficiently well 
understood to only allow the development of narrative, but not numeric criteria; the relationships 
between peak flows and habitat were less certain.  

Similarly, Poff et al.(2010) recently reviewed 165 papers to investigate the possibility of 
developing quantitative relationships between various types of hydrologic alteration and 
ecological response [81]. While there was a general reported decline in ecological metrics in 
response to changes in flow metrics, including a general decline in fish abundance and diversity 
with alterations in flow magnitude, they were unable to support any quantitative relationships.  

Matzen and Berge (2008) evaluated the relationship between urbanization and fish populations in 
Puget Sound lowland streams through the development of a fish index of biotic integrity (F-IBI; 
[219]). Due to the low species diversity characteristic of Puget Sound lowland streams, they 
utilized several metrics, which were specific to the region; the final F-IBI included a 
combination six metrics, which showed the strongest correlation to TIA. The authors cautioned 
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against the direct comparison of individual IBI scores, or the value of short-term trends due to 
the likelihood of spatial or temporal variation that can occur within streams.  

There are several studies that evaluate the effects of urbanization on stream condition based on a 
benthic index of biological integrity (B-IBI). Morley and Karr (2002) investigated the 
relationships between stream biological condition, as measured by the B-IBI, and the extent and 
distribution of urbanization, and stream flow in Puget Sound lowland streams [220]. They 
reported that B-IBI was significantly correlated with urbanization, as measured by percent urban 
area and percent impervious area in a sub-basin. Further, they found that B-IBI was correlated 
with measures of flashiness though not peak flow, and relative roughness though not measures of 
pebble or fine diameter (e.g. D16 or D50). Based on these relationships they argued that benthic 
invertebrates were a key measure of stream condition, though not necessarily predictive of the 
condition of fish populations.  

Booth et al. (2004) reported similar correlations between B-IBI and percent urbanization, percent 
imperviousness, and several measures of flashiness [213]. They did not conclude that 
urbanization would be a good predictor of stream health but rather suggested that levels of 
urbanization may constrain the potential benthic diversity of a particular stream and that 
urbanization may affect each stream differently.  

Bond and Downes (2003) performed a set of controlled studies and found that flow increases, but 
not changes in fine sediment transport, were sufficient to disturb benthic communities in streams, 
though the effects may be dependent on the availability of flow refugia [221]. This is consistent 
with studies, which suggest that benthic diversity is sensitive to hydrologic alterations brought 
about by urbanization.  

King County investigated the relationships between flow alterations and in-stream ecology in 
Puget Sound lowland streams through the Normative Flow Project [222]. They used data from a 
set of locations representing a range of land cover conditions to evaluate the effects of land use 
on hydrology and biological condition, as measured through the B-IBI and other 
macroinvertebrate metrics. The hydrologic metrics with the strongest correlation with B-IBI 
included low-flow threshold pulse events and interval between pulses, high-flow threshold pulse 
events and total period of the year with high pulses, TQmean, percent of time above the mean 
two-year flow, and timing of the onset of fall flows. Although none of the hydrologic indicators 
were good predictor of B-IBI they were able to discriminate the difference between high and low 
B-IBI values.  

Alberti et al. (2007) evaluated the patterns and connectivity of urbanization by performing an 
empirical analysis of land use intensity, land cover composition, landscape configuration, and 
connectivity of the impervious area, on B-IBI in Puget Sound lowland streams [245]. Their 
analysis suggested that total impervious area (TIA) explained much of the variance in B-IBI 
across basins, but other factors such as mean patch size of urban land cover and number of roads 
crossing a stream could explain part of the variance not explained by TIA alone. They also 
reported an inverse relationship between the aggregation of forested land and B-IBI suggesting 
that intact forests are important to benthic diversity.  
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DeGasperi et al. (2009) performed a retrospective analysis to relate measures of hydrologic 
alteration that were sensitive with measures of urbanization and benthic diversity, but not 
sensitive to basin area [106]. They found that high pulse count (the discrete number of high 
pulses per water year when flow is exceeds twice the average annual flow rate) and high pulse 
range (the number of days from the first high pulse to the last high pulse in the water year) best 
fit their evaluation criteria. Their analysis suggested as a basin is urbanized the number of high 
pulses increase in the winter and are more likely to occur in the summer increasing both the 
discrete number of pulses and the range. These pulses affect appear to affect B-IBI values.  

Although the B-IBI score may be correlated with specific types of hydraulic alteration which 
specifically affect benthic communities, there is no clear relationship between B-IBI and the 
condition of vertebrate species [220]. Further, the natural variability of biological indices has not 
been well characterized; large variability may lead to inaccurate determinations of river health 
[246]. There can be both large and small scale spatial variability as well seasonal and inter-
annual variability, all of which needs to be well understood in order to correctly attribute changes 
in biological condition with physical alteration brought about by anthropogenic activities. Mazor 
et al. (2009) found fluctuating conditions at sights without obvious changing conditions 
suggesting that short-term bioassessments may lead to inaccurate conclusions [246].  

Summary of Water Quantity Indicators  

A summary of the indicator evaluation in presented in Table 27, Table 28, and Table 29. In 
summary there is a wide range of possible indicators of the Surface Water Hydrologic Regime, 
which perform very well under both the Primary and Data Considerations. There is ample data 
for the region that can be parsed and evaluated in many different ways. It is, therefore, essential 
to understand the management concern or objective prior to indicator selection to ensure that the 
indicator is appropriate to the question at hand.  

Only a single indicator was evaluated for groundwater levels and flows. It performed well 
against the Primary and Data considerations. However, owing to subsurface heterogeneity, the 
spatial variation is often not well understood, nor is it possible to confidently infer condition at 
on location from based on data collected proximally.  

No indicators were completely evaluated for consumptive use and supply. However, a 
preliminary review suggests that there are good performing indicators, though it may be a time-
consuming task to collect and compile the data on a regional scale.  

Key Point: There is ample data to support the use and continued development of water quantity 
indicators. However, different indicators will better form different management concerns or 
objectives. Thus, prior to indicator selection it is critical to precisely define the management goal 
and operational objectives. 
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Ranking Puget Sound Indicators  
Terminology 
and concepts 
Ecosystem 
assessment 
indicator 

 Technically robust and rigorous metric used by scientists and managers to 
understand of ecosystem structure and function 

Improving 
indicator  Indicator that is increasing faster in the short-term but slower in the long-term 

than an index that captures aggregate changes in multiple indicators 

Lagging 
indicator  Indicator that is increasing slower in the short- and long-term than an index 

that captures aggregate changes in multiple indicators 
Leading 
indicator  Indicator that is increasing faster in the short- and long-term than an index 

that captures aggregate changes in multiple indicators 
Other 
considerations  Indicator evaluation criteria that make an indicator useful, but without which 

an indicator remains scientifically informative 
Ranking 
scheme  Approach used to weight indicator evaluation criteria 

Slipping 
indicator  Indicator that is increasing faster in the long-term but slower in the short-term 

than an index that captures aggregate changes in multiple indicators 

Vital sign 
indicator  Scientifically meaningful, but simple, metric that can generally inform the 

public and policy makers about the state of the ecosystem 

The matrix of ecosystem indicators and indicator evaluation criteria provides the basis for 
ranking indicators. However, ranking indicators requires careful consideration of the relative 
importance of evaluation criteria. The importance of the criteria will certainly vary depending on 
the context within which the indicators are used and the people using them. Thus, ranking 
requires that managers and scientists work together to weight criteria. Failure to weight criteria is, 
of course, a decision to weight all criteria equally.  

As an example of how our matrix could be used to rank indicators, we compare two food web 
indicators, ratfish/flatfish and jellyfish, using different weighting schemes. We provide these 
examples simply as an illustration, not to advocate one weighting scheme versus another.  

One could begin by scoring each indicator as 1.0 when there is peer-reviewed evidence that that 
it met a criterion. When there is non-peer reviewed or ambiguous evidence that an indicator 
meets a criterion we give it a score of 0.5. When it does not meet a criterion, it receives a score 
of 0.  

Equal weights: In this first scheme, we weight all criteria equally. In this case, ratfish/flatfish 
get a score of 10.5, while jellyfish score a 10 (out of a possible 19).  
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New monitoring programs: Imagine, however, a case in which the availability of historical data 
is less important (e.g., when considering a new monitoring program). In this instance, one might 
wish to ignore data considerations such as “historical data available”, “broad spatial coverage”, 
“continuous time series”, and “variation understood”. In this scheme, the ranking of the 
indicators reverses with jellyfish scoring 9.5, while ratfish/flatfish score 8.5 (out of 15).  

Discounting importance of peer-review: Our initial weighting discounts indicators that were 
not supported by peer-reviewed evidence. It is conceivable that in some settings practitioners 
might wish to equally weight non-peer and peer reviewed evidence. In this case, because much 
of the evidence supporting the data criteria for ratfish/flatfish is not in peer-reviewed literature, 
the score for this indicator would increase to 14.5 (out of 19).  

Whatever ranking scheme is used, our matrix can serve as a useful starting place for sorting 
through large numbers of indicators. By carefully ranking indicators in a manner consistent with 
specific management and policy needs, and choosing to focus on high-ranked indicators for each 
attribute, a winnowing of indicators naturally takes place.  

Specificity and sensitivity of indicators  

Long lists of indicators can present challenges for drawing inference about overall ecosystem 
status. A useful way to interpret lists of indicators in aggregate focuses on one of the primary 
considerations in the set of evaluation criteria introduced above, “the indicator responds 
predictably and is sufficiently sensitive to a specific ecosystem attribute.” Two of the terms in 
this criterion, “specific” and “sensitive,” can be used to organize indicators according to the type 
of information they provide about attributes. Rapport et al. (1985) proposed that an indicator’s 
specificity can be distinguished based on whether it reliably tracks few or many attributes [5]. An 
indicator that provides information about many attributes (even attributes of multiple PSP goals) 
is non-specific but perhaps broadly informative of ecosystem status. An indicator that serves well 
as a proxy for fewer attributes can be thought of as diagnostic of changes in specific ecosystem 
characteristics. For example, in Figure 8 harbor seals are a non-specific indicator for Species and 
Food Webs attributes whereas jellyfish are a diagnostic one.  

Another informative axis on which to interpret an indicator is in terms of its sensitivity. An 
indicator that provides information about impending changes in attributes before they occur is an 
early warning or “leading” indicator. For instance, due to fast turnover rates, phytoplankton are 
likely to be an early warning indicator for Species and Food Web attributes in Puget Sound 
(Figure 8). In contrast, an indicator that reflects changes in attributes only after they have 
occurred is a retrospective or “lagging” indicator. Retrospective indicators, such as killer whales 
(Figure 8), are likely to be characterized by slow turnover rates, but can nonetheless be useful for 
interpreting cumulative impacts and ecosystem-wide shifts in attribute values.  

Vital Sign vs. Assessment Indicators  

Ranking schemes provide a mechanism for narrowing the long list of indicators presented above 
to a more manageable set that facilitates inference about the status of the Puget Sound ecosystem. 
Here we suggest that focusing on the specificity and sensitivity of an indicator, in combination 
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with its performance against the “understood by the public and policymakers” criterion 
introduced above, provides a framework for reporting on the status of Puget Sound.  

Previous indicator development efforts in the Puget Sound region (e.g. [34]) and beyond (e.g., 
[223]) have advocated a two-pronged approach to indicator reporting. Recchia and Whiteman 
(2009) refer to a coarse-grained evaluation of ecosystem status and trends. This level of indicator 
reporting is aimed at the general public and policy makers with the goal of providing a limited 
number of “vital signs” of the ecosystem [223]. Vital Signs may not be very specific, and they do 
not need to be sensitive on any particular time scale. For instance, abnormalities in blood 
pressure or temperature indicate some malady, but do not suggest a specific pathology. Likewise, 
changes in Chinook salmon abundance may be brought about by alterations to water quality, 
habitat, climatic factors, fishing or numerous other factors, in the marine, freshwater, or 
terrestrial domains of Puget Sound. Nonetheless, it is likely that changes in Chinook salmon 
represent a shift in the “health” of the system (Figure 8). As regional managers and scientists 
consider assembling portfolios of Vital Sign indicators, some indicator criteria may be more 
important than others. For example, it is clearly crucial that the indicator be understandable to 
the general public. On the other hand, understanding the variance structure of such indicators 
may be less critical. By carefully crafting a weighting scheme as described in Section 5.6, it is 
possible to systematically sift through a large inventory of indicators to generate a short-list of 
scientifically credible vital sign indicators. Ultimately, the goal of Vital Sign indicators is to 
provide a limited number of scientifically meaningful, but simple metrics that can generally 
inform the public and policy makers about the state of the ecosystem.  

Figure 8. Indicator species in Puget Sound plotted according to whether they reliably track 
few (diagnostic) or many (non-specific) Species and Food Web attributes (x-axis) and 
whether they respond quickly (early warning) or slowly (retrospective) to perturbations. 
The ranking of indicators as diagnostic vs. non-specific is relative and based on the analysis 
in [118]. The ranking of indicators as early warning vs. retrospective is also relative, and 
based on the production to biomass ratios of these seven species. Adapted from [5].  
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In contrast to Vital Sign indicators, Ecosystem Assessment indicators provide a technically more 
robust and rigorous understanding of ecosystem structure and function. Assessment indicators 
provide the detailed information necessary to diagnose specific problems, develop strategies to 
mitigate these problems, and monitor responses of the ecosystem to management actions on 
multiple time scales. Thus, Ecosystem Assessment indicators should be diagnostic rather than 
non-specific, but can span a range of sensitivities, so that a full set includes both early warning 
and retrospective indicators. The audience for these indicators is scientists and managers who 
require a detailed understanding of the ecosystem; consequently, criteria related to the technical 
performance of the indicator should be given increased weight relative to criteria related to 
salience.  

Key Point: Ranking indicators requires careful consideration of the relative importance of 
evaluation criteria. The importance of the criteria will certainly vary depending on the context 
within which the indicators are used and the people using them. Thus, ranking requires that 
managers and scientists work together to weight criteria. Weighting schemes that emphasize 
communication will inform the selection of Vital Sign indicators, while weightings that stress 
technical aspects of the data will inform the selection of Ecosystem Assessment Indicators. 
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Defining Ecosystem Reference Levels: A Case in Puget Sound  
1. Ecosystem reference levels: how do we know when EBM has succeeded?  

Ocean stewardship is not simple. Rather than maintaining piecemeal efforts, scientists, managers, 
conservationists, and policymakers have agreed that restoration and protection of the oceans will 
require a more integrated approach [249-251]. A unified appeal for marine ecosystem-based 
management (EBM) has made the task of developing concrete methods for implementation quite 
urgent [20, 252, 253]. Indeed, if the goal is maintenance and sustainable use of a healthy 
ecosystem [224], it follows that those responsible for achieving this objective require a means to 
track the progress of their efforts. As discussed above, indicators allow the tracking of progress 
and change.  

Terminology and 
concepts 
Baseline 

 Reference level derived from time periods or locations free from human 
pressures 

Benchmark  Indicator value suggestive of progress toward targets 

Limit  Reference level pegged to an extreme value beyond which undesired change 
occurs 

Nonlinearity  Sudden change in a response variable resulting from smooth and gradual 
change in a causal factor 

Normative 
reference level  Reference level defined based on what is socially acceptable, i.e., according 

to norms 

Norms  
Define what is generally accepted within a cultural context, and may serve 
as societal standards to evaluate ecosystem conditions, human activities, or 
management strategies 

Reference 
direction  Which specifies how the trend in an indicator relates to the desired state of 

the ecosystem 

Reference level  Point value or direction of change used to provide context so that changes in 
indicator values can be interpreted relative to desired ecosystem states 

Reference point  Precise values of indicators used to provide context for the current status of 
an indicator 

Target  Reference level that signals a desired state 

Many authors have considered ecosystem health to be the structure and function of the 
ecosystem desired by stakeholders in a specific management context [255-258]. Thus, as we 
have previously emphasized, many attributes of ecosystem health, such as resilience, are difficult 
to measure directly. Proponents of using human health as an analog to ecosystem health note that 
just as cholesterol, stress, and income levels can serve as indicators for gauging human health (a 
state of physical, mental, and social well-being; [225]), the status of an ecosystem’s health can be 
measured via proxy using a suite of ecosystem indicators. For example, it is widely appreciated 
that the abundances of certain species of jellyfish and top predators provide information about 
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the status of marine ecosystems because they reflect underlying changes in important ecosystem 
functions (e.g., [226, 227]).  

To be useful from a policy and management perspective, ecosystem indicators must be linked to 
reference levels. Reference levels provide context so that changes in indicator values can be 
interpreted relative to desired ecosystem states [113, 255, 257, 262]. Following with the human 
health analogy, one reference level for household income, a social well-being indicator, might be 
the poverty line [228]. In single-species and single-sector management, reference levels are also 
fairly well established. Examples include target population sizes for recovery of endangered 
species [229], the harvest rate corresponding to maximum sustainable yield in a fishery [230], 
the critical level of nutrient input beyond which a clear freshwater lake becomes turbid [231], 
and, acceptable concentrations of toxic contaminants in water bodies [232]. While existing 
reference levels such as these provide a useful starting point [233], EBM requires the 
consideration of how interactions among species and management sectors affect overall 
ecosystem state and potential trade-offs among indicator values [234]. Reference levels set to 
guide management of species, habitats, and water quality individually may need to be modified 
or supplemented with additional indicators, and corresponding reference levels, in order to 
steward multiple ecosystem components simultaneously. We believe that many of these 
challenges can be met by adopting successful approaches from other management contexts for 
use on the ecosystem level. Here we describe several approaches for linking indicator values and 
trends to reference levels related to ecosystem health, and provide some examples for how they 
might be applied in Puget Sound. A summary of existing targets and/or reference levels for Puget 
Sound follows.  

Reference points and reference directions  

Reference points are precise values of indicators used to provide context for the current status of 
an indicator. Establishing a reference point requires substantial understanding of an indicator’s 
properties, but it provides a rigorous way to assess ecosystem status. For some indicators, 
reference points will have already existed prior to the introduction of EBM. In the case of Puget 
Sound, the Washington Department of Health provides recommendations regarding human 
consumption of seafood subject to known levels of toxic contamination [235]. In the short-term, 
it may be challenging to develop actual point values for ecosystem reference levels [255, 262, 
271]. However, a reference direction, which specifies how the trend in an indicator relates to the 
desired state of the ecosystem, can be informative as well (Figure 9; [236, 237]). In comparison 
to reference points, the challenge of achieving consensus on reference directions is small and can 
be applied in data-poor situations [233].  

Figure 9. The relationship between target, benchmark, precautionary, and limit reference levels 
for an ecosystem indicator (adopted from [236]).  
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The concept of reference directions is familiar in the context of financial markets. For instance, 
the Dow Jones Industrial Average is an index representing the performance of 30 large, publicly 
owned U.S. corporations on the New York Stock Exchange. Though specific reference points are 
not widely agreed upon [238] it is generally accepted that increases in the Dow Jones are 
economically favorable and reductions are unfavorable.  

A second financial market example illustrates an alternative approach for establishing reference 
directions, based on relative performance. The S&P 500, a weighted index consisting of 500 
companies traded on the New York Stock Exchange, American Stock Exchange, and NASDAQ 
stock market [239], is commonly used to compare the direction of change of individual 
companies to the direction of change of the overall financial market ([240]; Figure 10). 
Companies that show greater percentage increases than the S&P 500 over the short-term (e.g., 
days, weeks, or months) and long-term (quarters or years) are considered to be leading the 
market, whereas companies that show lesser percentage increases than the S&P 500 over the 
short-term and long-term are considered to be lagging the market. Slipping companies are those 
that are behind the S&P 500 in the short-term but ahead in the long-term, and improving 
companies are those that are ahead of the S&P 500 in the short-term but behind in the long-term. 
This approach could be adopted for evaluating ecosystem indicators in Puget Sound relative to a 
summary index for each PSP goal, and would be useful for distinguishing indicators in need of 
management attention (lagging, slipping) from those on a desired trajectory (leading, improving).  

Reference directions are already used widely in the management of natural systems. For instance, 
in San Francisco Bay and the North Sea increasing abundance of certain species of jellyfish is 
viewed as a sign of deteriorating ecosystem health [226], though no exact value corresponding to 
an undesired abundance level has been established. Similarly, a decline in disturbance-sensitive, 
specialist seabirds is viewed as indicative of strong anthropogenic influences (e.g., Chesapeake 
Bay; [241]) or worsening climatic conditions (e.g., central California coast; [242]), but a specific 
value for the rate or extent of decline marking an undesired state remains ambiguous. As a final 
example, in 2002 nearly 200 nations pledged to reduce the global rate of biodiversity loss by 
2010 without establishing a target level for the amount of reduction that they desired [243].  

Figure 10. Use of reference directions based on relative performance of individual stocks (circles) 
and the S&P 500, a weighted index of overall market performance. Stocks that show greater 
percentage increases than the S&P 500 over the short-term (e.g., days, weeks, or months) and 
long-term (quarters or years) are considered to be leading the market, whereas stocks that show 
lesser percentage increases than the S&P 500 over the short-term and long-term are considered to 
be lagging the market. Slipping stocks are those that are behind the S&P 500 in the short-term 
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but ahead in the long-term, and improving stocks are those that are ahead of the S&P 500 in the 
short-term but behind in the long-term. Adapted from www.nytimes.com  

 

In Puget Sound, reference directions for indicators could serve as placeholders in order to allow 
time for the development of more precise reference points. Indeed, the Puget Sound Action Team 
(PSAT) has applied the reference direction approach previously [244]. Using a simple and 
easily-interpreted schematic, PSAT evaluated indicators based on whether their status was 
generally negative, fair, or positive and whether the trend in the indicator was negative, neutral, 
positive, or unknown compared to a desired status ( Figure 11). In future versions of the PSSU, a 
similar approach could be applied productively to the indicator assessments presented in 
Chapters 2 and 3, provided that the direction of change that is considered desirable for each 
indicator is specified explicitly and its rationale explained.  

Figure 11. Example of indicator report card from the 2007 State of the Sound document. This 
figure shows that the status of one indicator of the health of Puget Sound species, orcas, is 
generally negative because the dot is to the left of center, and its trend, indicated by the arrow, is 
also negative. Reproduced from [244].  
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Target, benchmark, limit, and precautionary reference levels  

A construct that has been particularly successful in the realm of fisheries management is the 
distinction between target and limit reference levels (Figure 9). A target is a reference level that 
signals a desired state, whereas a limit is a reference level pegged to an extreme value beyond 
which undesired change occurs [236, 245].  

In fisheries and marine EBM limit reference levels thus identify what is to be avoided [20], and 
can be used to redirect and prioritize management action before irreversible harm occurs. 
Because of uncertainty inherent to the measurement of any indicator, precautionary or warning 
reference levels that are more conservative than the limit reference levels may be used (Figure 9; 
[236, 246]). Target reference levels identify what is to be achieved [20], and in so doing allow 
managers and policymakers to determine when their efforts and resource allocations have been 
sufficient [247]. Because indicators respond at varying rates to management actions, target 
reference levels may be most useful when accompanied by benchmarks, or indicator values 
suggestive of progress toward targets (Figure 9).  

In Puget Sound, the PSP has taken it upon itself to establish targets and benchmarks. Because of 
legislated restoration and protection deadlines, the PSP has associated a timeline with target and 
benchmark reference levels. The PSP defines a target as a “desired future numeric value for an 
ecosystem status indicator in 2020.” Similarly, the PSP describes a benchmark as a “measurable 
interim (i.e., pre-2020) milestone set to demonstrate progress toward a target for an ecosystem 
status indicator” [76].  

Importantly, the indicator associated with a target reference level need not be identical to the 
indicator associated with the corresponding benchmark. The current financial crisis provides a 
useful parallel to illustrate this point. The onset of the economic recession in the U.S. was 
characterized in part by a Gross Domestic Product (GDP) that fell for several months [239]. Thus 
a target reference level for economic recovery could be measured in terms of a consistent month-
to-month rise in GDP. Benchmarks for measuring progress toward this target included a variety 
of indicators other than GDP, however, such as the number of new unemployment claims filed 
and new construction permits issued each week [248].  

In the context of Puget Sound, a fundamental goal is to achieve a healthy and sustaining 
population of southern resident killer whales (SRKWs) [1], and one indicator of SRKW 
population status is the number of individuals in the population. The target reference level 
associated with the goal of SRKW population recovery may be measured using this indicator, 
but because the likely response time for achieving the target is several decades, a benchmark 
might be set using a different indicator, such as a reduced infant mortality rate or an increased 
annual population growth rate [249].  

Because they are a primary interest of the PSP, we focus on approaches for determining target 
reference levels rather than limits. Though our discussion is framed largely in terms of reference 
points, we see no reason why targets cannot be defined in terms of reference directions, at least 
in the short term. However, it is not obvious how to distinguish a benchmark from a target using 
reference directions alone.  
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Baseline reference levels  

Baseline reference levels are derived from time periods or locations free from human pressures. 
We use the term baseline inclusive of the structure and function of an ecosystem (1) prior to 
substantial human impact (i.e., during some ‘baseline’ time period [250, 251]), (2) inside of areas 
protected from human impacts [252, 253], and (3) in remote geographic locations subject to 
minimal human pressures [254]. Recognition of these types of reference levels is crucial for 
avoiding the shifting baselines syndrome—failing to identify the state of nature absent human 
impacts so that it is impossible to determine the extent of degradation [251]. As such, there is 
value in reconstructing time series of both desired and undesired changes in indicators, such as 
shifts in the abundances of iconic and nuisance species. It can also be quite useful to make 
comparisons across spatial locations that vary in the extent to which they have been altered by 
human activities [255]. Even where detailed information is not available, the qualitative 
difference between present and historic, or disturbed and undisturbed, values of ecosystem 
indicators can provide a reasonable starting point for determining target reference directions 
(Figure 12; [256]).  

Figure 12. Comparison of a simplified historical and present-day Puget Sound marine food web. 
Larger, bold font indicates great erabundance/biomass. This figure is intended to be a conceptual 
schematic, and is not based on historical data. Historical and present-day could be replaced with 
unexploited and exploited areas or remote and metropolitan locations.  

 

Historical information can be gleaned from a variety of sources, including paleo-ecological 
records [257] archaeological findings [258], historical documents [259, 260], and long-term 
ecological data [261, 262]. Additionally, interviews with people who have experience with an 
ecosystem during different eras of human impact can provide valuable insights into changes in 
ecosystem indicators over time [263, 264]. Indeed, subjective impressions of how indicators 
have varied through time can be standardized with known values and used to establish reference 
levels (e.g., unfished biomass of currently harvested species; [265]). One concern with using 
historical baselines, however, is that ecosystem dynamics are not necessarily stationary. Climatic 
shifts and other sources of variation can render historic states unattainable [236]. Such 
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fundamental changes must be appreciated before making the decision to associate an indicator 
with a target reference level derived from a historical baseline.  

Marine protected areas (MPAs) and areas with low human impact provide useful experiments for 
evaluating the natural biophysical state of an ecosystem absent major, direct anthropogenic 
influences [41]. Such spatial baseline ecosystems make particularly useful reference levels 
because they represent one extreme in a spectrum of management possibilities in the 
contemporary time period. Admittedly, problems exist with these approaches. For instance, 
geographic variability among reference and impacted sites and anthropogenic activities that 
manifest effects on regional and even global scales (e.g., climate change) can confound 
comparisons. Nonetheless, differences between indicators inside and outside of MPAs [266, 267] 
and near to and far from locations with high human population densities [268-271] can provide a 
useful basis for calibrating expectations regarding the healthy state of an ecosystem [254, 272, 
273].  

In Puget Sound, many untapped sources of baseline information exist. For example, archival 
papers document changes in the abundances of harvested species dating back to at least the 19th 
century [274]. According to these accounts, species declines appear to have occurred long ago, 
and quite rapidly: “[f]rom 1869 to 1877 it was not an uncommon occurrence for us to catch from 
200 to 300 barrels of herring in a night, but since 1877... the largest night’s work is about 20 
barrels” [274]. Similarly, historical habitats have been altered drastically: <20% of tidal marshes 
present in the mid-19th century exist today [275]. Even shorter intervals reveal surprisingly large 
changes in ecosystem status: current concentrations of polybrominated diphenyl ethers (PBDEs) 
in southern resident killer whales dwarf the levels detected 10 years earlier [276]. In modern 
times, spatial differences in the ecological communities within and outside of marine reserves 
near Edmonds, Hood Canal, and the San Juan Islands suggest the direct negative impacts of 
fisheries on rockfishes and lingcod [277, 278]. Similarly, comparison of the most populated areas 
of Puget Sound to more rural areas reveals dramatic differences in the abundance of kelp [272, 
279].  

In terms of actually setting target and benchmark reference levels using information about 
baselines, the ultimate decision lies in the hands of policymakers [280]. Following on the 
example of the change analysis conducted for Puget Sound’s tidal marshes, the question remains 
as to what target reference level is most appropriate given that >80% of the historic habitat has 
been destroyed since 1850. There is no single and absolutely correct answer to this question. It is 
up for negotiation among stakeholders, but the knowledge of what existed historically and/or 
what is currently observed in remote or protected locations provides an idea of what is possible.  

Reference levels based on nonlinearities  

Nonlinearities are common in nature [281, 282]. Sudden change in ecosystem attributes can 
result from seemingly smooth and gradual change in physical or biological components [283]. 
For instance, in kelp forests, increasing sea urchin densities initially produce small or negligible 
changes in habitat-providing kelp. However, above a threshold sea urchin density, declines in 
kelp and changes in associated ecological communities can be quite rapid [284, 285]. Similarly, 
on coral reefs, important ecosystem functions decline rapidly with initial increases in human 
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impacts, but thereafter change quite slowly [254, 286]. These examples illustrate that 
nonlinearities in functional relationships distinguish environmental conditions or types of 
management actions leading to smooth and proportional changes in ecosystem state from those 
that cause abrupt and disproportionately large changes. An understanding of nonlinearities is 
highly relevant in the context of managing the Puget Sound ecosystem because it presents 
opportunities to define clear and objective reference points [287, 288].  

Nonlinear functional relationships underpin commonly-used management reference points in 
fisheries and in the control of contaminants in the environment (e.g., chemicals, effluents, non-
native species, etc.). For instance, the spawning stock biomass and the fishing mortality rate 
corresponding to maximum sustainable yield are two of many biological reference points used in 
single-species fisheries management [289]. The concept of maximum sustainable yield is based 
on the expectation that the yield from the fishery peaks at intermediate levels of population 
biomass and fishing mortality rate imposed on the target population. These nonlinear 
relationships are the consequence of assumptions in surplus production models of fish population 
dynamics, and make it possible to identify objectively a reference point on either side of which 
fishing yield is reduced. In ecotoxicology, contaminants frequently have little or no deleterious 
effects on biota below some minimum concentration but lead to serious sublethal or lethal effects 
thereafter (Figure 13 a,b). Thus, a reference point can be defined based on a threshold in such 
exposure-response relationships [232]. In both situations, the reference points are linked 
mathematically to a functional relationship of interest to managers and policymakers [246]. The 
functional relationships most relevant in a marine EBM context fall into two broad categories 
[281]. In both cases, the response variables of interest are ecosystem attributes that influence 
ecosystem health, and might include nutrient cycling, energetic rates, and resilience. These are 
akin to the toxin concentrations in ecotoxicological studies. In the first category, the predictor 
variable (analogous to the exposure effect in ecotoxicological studies) is some environmental 
condition(s). For example, reductions in the amount of upwelling along the west coast of the 
United States are associated with an exponential increase in seabird mortality events, which 
appear to be indicative of broader changes in ecosystem attributes, such as productivity [242]. In 
the second category, the predictor variable is a factor(s) under the control of managers and 
policymakers. For instance, a marine food web model for northern British Columbia suggests 
that several ecosystem attributes show nonlinear declines with increasing fishing pressure and 
with reductions in nearshore habitat quantity and quality [288]. In both cases, it is possible to 
define mathematically a point separating rapid and dramatic changes in the ecosystem attributes 
from more smooth and gradual changes (Figure 13c,d).  

Reference levels for ecosystem indicators can be derived from either category of nonlinearity. 
The guidelines for selecting a reference point based on a functional relationship between 
predictable environmental conditions or factors under the control of managers and policymakers 
and ecosystem attributes are as follows:  

1. Examine the functional relationship of interest, using data, models, or both;  
2. Use information theoretic techniques [290] to fit alternative linear and nonlinear 

mathematical functions to the relationship;  
3. If the best-fit function is nonlinear, select a reference point that distinguishes the steep 

from the shallow portion of the curve [288].  
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Reasonable target reference levels for the sigmoidal and concave functional relationships shown 
in Figure 13c would correspond to portions of the curves where the value of the ecosystem 
attribute is high and the rate of change in the ecosystem attribute with increasing human pressure 
is low, i.e., where the dashed arrows intersect the curves.  

The identification of nonlinear relationships between pressures and ecosystem attributes could be 
used productively to set target reference levels in Puget Sound. One way to detect nonlinearities 
relevant for food web health in particular would harness the power of a recently developed 
Ecopath model for the Central Basin of Puget Sound [26]. Indeed, Samhouri et al. (2010) 
recently followed the methods outlined in steps 1-3 above to determine food web reference levels 
associated with two different stressors (fishing and habitat modification) along the British 
Columbia coast [288]. Empirical examples of nonlinearities already exist as well. For instance, 
Rice (2007) found that there was a drastic and abrupt decline in the abundance of diving ducks 
and herons in Puget Sound above ~70% alongshore urban land cover [291]. Given the potential 
for these species to act as reliable indicators of ecosystem health [45, 118], a target reference 
level for their abundance based on the effects of urbanization may be sensible.  

A concerted effort to gather information about functional relationships between ecosystem 
indicators and pressures would greatly advance efforts to set target and benchmark reference 
levels in Puget Sound. These reference points should be considered complementary to those 
based on baseline conditions.  

Figure 13. Examples of nonlinear relationships in ecotoxicological (a-b) and ecosystem (c-d) 
studies. (a) A hockey stick relationship in which the reference point could be either the LOEC 
(lowest observed effect concentration), i.e., the lowest concentration causing an effect that is 
statistically different from control (upper 95% CI of x-axis threshold estimate), or a NOEC (no 
observed effect concentration), i.e., the highest concentration below LOEC (could be lower 95% 
CI of x-axis threshold estimate). (b) A sigmoidal relationship in which the reference point is an 
Ecp, the concentration causing the effect in proportion p of the population (e.g., LC50). (c) It is 
possible to identify objectively a reference point in terms of human pressure if the relationship 
between the predictor variable and the ecosystem attribute is sigmoidal or concave. (d) A convex 
relationship suggests that management actions that reduce human pressures to steeper portions of 
the function will produce the greatest improvements in the ecosystem attribute. Linear functions 
do not allow the objective identification of a threshold-based reference point. In all figures, 
dashed arrows indicate possible reference points. In (c) and (d), positive values on the y-axis are 
assumed to represent the desired state of the ecosystem attribute.  
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Normative reference levels  

In the PSP parlance, a target is defined as a desired state [37]. Consequently, the process of 
establishing desirability must comprise not just ecological understanding, but also societal values 
[280, 292]. A powerful way to collect and organize data about societal values is the normative 
approach [293]. Norms define what is generally accepted within a cultural context, and may 
serve as societal standards to evaluate ecosystem conditions, human activities, or management 
strategies.  

Norms are typically described by means of a graphic device referred to as a social norm curve 
(Figure 14; [294]). In applying this concept to ecosystem targets, the x-axis represents 
environmental stressors and the y-axis portrays stakeholder survey responses. Thus, social norm 
curves might represent the results from structured surveys in which respondents are asked about 
the acceptability of different ecosystem states, which vary with changes in pressures like water 
quality or habitat modification. The goal of stakeholder surveys is to identify the acceptability of 
alternative ecosystem scenarios that illustrate trade-offs among different aspects of ecosystem 
health (e.g., food web health, water quality, habitat, key species, and human well-being). 
Alternative scenarios can be portrayed using easily-interpreted, stylized artistic renderings of the 
ecosystem under consideration that highlight key trade-offs among different ecosystem 
components [295, 296]. Targets and benchmarks can be set based on scenarios that are deemed 
minimally acceptable by the average respondent, subject to legal, regulatory or other constraints. 
A key challenge with this approach is dealing with the fact ecosystem conditions are rarely 
produced by one individual’s behavior but by the cumulative effects of many people’s behavior.  
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In Puget Sound, the PSP and the World Resources Institute have already initiated the process of 
soliciting feedback from stakeholders about how they define a healthy Puget Sound [297]. This 
work could be built upon by extending social norms surveys to Native American tribes and 
stakeholder groups (e.g., commercial fishers, recreational fishers, agricultural interests, builders 
and developers, members of environmental organizations, coastal homeowners, etc.). In other 
marine systems around the world, similar surveys have been conducted by soliciting formal 
feedback about reference levels from regional scientists [298]. By establishing ranges of 
acceptability, the PSP can ensure that its targets are in sync with the desires of the public which 
they are meant to serve. Thus rigorously conducted normative surveys provide a tool to inform 
target selection within the realm of what is ecologically and legally possible and appropriate.  

Figure 14. Hypothetical social norm curve. The x-axis shows increasing ecosystem stress from 
poor water quality or habitat, and the y-axis portrays stakeholder values regarding the desirability 
of different ecosystem states. Y-axis values >0 reflect socially acceptable ecosystem states, and 
the range of responses reflects the importance of ecosystem status to stakeholders.  

 
Focus for the future: targets and success in Puget Sound  

A catalog of ecosystem indicators is only useful in the extent to which it informs answers to the 
question “Is Puget Sound healthy?” In economics, it is not meaningful to report on the rate at 
which unemployment claims are filed unless it is known that an increase in that rate indicates a 
decline in the business cycle [248]. Similarly, in the absence of reference levels, a list of values 
for indicators alone provides no insight into the status of the ecosystem relative to its desired 
state. Thus, establishing a target associated with each indicator is fundamental to the success of 
the Puget Sound Partnership’s ecosystem-based management efforts, for several reasons.  

First, the articulation of targets associated with each indicator allows for a careful accounting of 
management successes and failures. Targets remove ambiguity from well-intended but vague 
policy goals and facilitate the development of a roadmap for new actions, policies, and 
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management strategy evaluations. Pathways of ecosystem degradation may involve sequential 
losses of structural features (relative abundance of species), species, and functional components 
(all species responsible for particular ecological processes) [299]. Awareness of this type of 
progression can provide justification for benchmark reference levels that track recovery along 
similar pathways (but in reverse) toward more ambitious, longer-term targets.  

Second, as described in the Futures section above, creating targets for individual indicators 
brings into focus the notion of trade-offs. For instance, interactions among species, such as 
harbor seals and forage fishes, may render obsolete target reference levels instituted for each 
group individually because some combinations of abundance are ecologically impossible. 
Likewise, establishing targets for contaminant loads related to water quality may interact with 
desired states of human well-being. The use of conceptual and quantitative ecosystem models 
and other tools can help to reveal the spectrum of possible combinations of target reference 
levels for multiple indicators simultaneously.  

Third, target reference levels can also be viewed as the antecedent of legal statutes and 
regulations. In other words, the formal establishment of targets sets up a system of EBM 
accountability. These reference levels can be used as a springboard for enacting and enforcing 
policies to ensure that human activities do not exceed levels that would prevent the achievement 
of ecosystem recovery goals [300].  

Fourth, targets can serve a useful role if they are linked to decision criteria or control rules [246, 
287]. In other words, it would serve the PSP’s interests if target values for indicators were 
associated with management responses. For instance, in the case of Chinook salmon in Puget 
Sound, achievement of the near-term recovery target of 1,600 spawners [15] might be linked to a 
control rule that influenced efforts to restore riparian vegetation and increase woody debris. Such 
built-in linkages would contribute to the efficient allocation of PSP financial resources and 
solidify a clear plan for active and adaptive management.  

We have not yet attempted an exhaustive review of targets for each indicator evaluated in 
Section 4. A summary of existing targets specific to Puget Sound follows. For those indicators 
where targets or reference levels do not exist, it should be possible to determine appropriate 
targets using any of the three approaches outlined in Sections 5.5-5.7. Initially, it should suffice 
to define a reference direction for each indicator used to evaluate ecosystem status by identifying 
baselines, recognizing nonlinearities, or assessing social norms. Eventually, however, the PSP 
should strive to produce target reference points wherever possible. Key point: To be useful from 
a policy and management perspective, ecosystem indicators must be linked to reference levels. 
Reference levels provide context so that changes in indicator values can be interpreted relative to 
desired ecosystem states. Establishing targets for individual indicators brings into focus the 
notion of trade-offs among competing ecosystem services. The use of conceptual and 
quantitative ecosystem models can reveal the spectrum of possible combinations of target 
reference levels for multiple indicators simultaneously.  



April 2011 Puget Sound Science Update  Page 109  Puget Sound Partnership 

Existing Targets for Puget Sound  

This section provides a brief summary of existing targets for Puget Sound including those for 
species, habitats, water quality, and water quantity.  

Existing Species Targets  

In Puget Sound, target reference levels have been assigned to a subset of ecosystem indicators. 
For indicators meant to inform the PSP Species Goal, it is worth noting that targets have been 
established primarily for species that have been listed as vulnerable, threatened, endangered, etc. 
at the state or federal level (especially marine mammals). Consequently, these targets frequently 
represent minimum requirements because many of the species were or are currently recovering 
from depressed states. Once achieved, such targets should be considered limit reference levels 
under the vocabulary introduced in this Section, and new targets should be established. Table 30 
presents a selection of Species indicators that clearly met the “Linkable to scientifically-defined 
reference points and progress targets” criterion and for which targets have been defined in Puget 
Sound or Washington State specifically.  

Existing Habitat Targets  

We identified targets for two indicators meant to inform the PSP Habitats Goal: riparian habitat 
and aggregation/deposition zones (Table 31). For riparian habitats, we report targets for 
indicators intended to represent important ecosystem functions such as sediment, nutrient, and 
pollutant removal, erosion control, recruitment of large woody debris, regulated water 
temperature, availability of habitat for wildlife, and diversity of microclimates. For 
aggregation/deposition zones, we report a target that would ensure the maintenance of the 
structure and function of this habitat type in its current form.  

Existing Water Quality Targets  

The State of Washington has developed several sets of standards and criteria for both freshwater 
and marine surface water quality. Standards for physical and chemical parameters are generally 
established based on habitat type or water use category. For freshwater the Aquatic Life Use 
categories are summarized in Table 32; the Recreational Use categories are summarized in Table 
36 [130, 138]. Water use designations for individual rivers and streams are listed by Water 
Resource Inventory Area (WRIA) in WAC 173-201A-602. The Aquatic Life Use categories for 
marine waters are summarized in Table 33. The majority of Puget Sound is listed as 
Extraordinary quality with the exception of designated bays and inlets (e.g. Elliot Bay, South 
Puget Sound, and Possession Sound) which are listed as either Excellent or Good. The sole area 
with a Poor designation is a potion of Commencement Bay, south and east of south 11th Street 
[301].  

Summaries of the water quality criteria for physical and chemical properties in freshwater and 
marine water are presented in Table 32 and Table 33, respectively. Nutrient action levels for 
lakes are listed in Table 34. Surface water quality criteria for freshwater and marine waters for 
trace organic and inorganic chemicals is shown in Table 35; additional criteria for the protection 
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of human health are included in Chapter 40 of the Code of Federal Regulations [302]. Water 
quality criteria for bacteria, which are meant to be protective of human health, are listed in Table 
36.  

Existing Water Quantity Targets  

There are three indicators of Freshwater Water Quantity with established goals or targets (Table 
37). Instream flow rule establish minimum flow requirements on several rivers and streams in 
the Puget Sound region. The flow rules are meant to legally acknowledge ecological flow 
requirements. A detailed review of the actual flow regimes versus the instream flow rules is 
presented in Chapter 2 of the PSSU.  

There are also targets for flooding that are established at each gauge station. While not strictly 
goals, these can be used to monitor the potentially effects of land use change or climate change 
on flooding. Finally the State of Washington has established efficiency requirements through the 
Municipal Water Law. While this does not strictly define conservation targets it does mandate 
system loss limited and the establishment of efficiency programs within each supply system.  

Tables ‐ Defining ecosystem reference levels  

Table 30. Species indicators for which targets have been established in Puget Sound and/or 
Washington state.  

 

Table 31. Habitat indicators for which targets have been established in Puget Sound and/or 
Washington state.  
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Table 32. Freshwater water quality criteria per Washington Administrative Code based on 
aquatic life use  

 

Table 33 - Marine water quality criteria per Washington Administrative Code based on aquatic 
life use.  
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Table 34. Nutrient action levels for lakes in the Puget Sound ecoregion. If epilimnetic TP values 
exceed action levels a lake-specific study should be implemented per WAC 173-201A-230 (2).  

 

Table 35. Water quality criteria for toxic substances for the protection of aquatic life. For human 
health standards see 40CFR Ch.1 (7–1–06 Edition) 131.36. References: [302, 310]  



April 2011 Puget Sound Science Update  Page 113  Puget Sound Partnership 

 



April 2011 Puget Sound Science Update  Page 114  Puget Sound Partnership 

 



April 2011 Puget Sound Science Update  Page 115  Puget Sound Partnership 

Table 36. Bacteria water quality standards for Freshwater and Marine Water by water use 
category as defined by the Washington Administrative Code.  

 

Table 37. Water Quantity indicators for which targets have been established in Puget Sound 
and/or Washington state.  
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Glossary 

Attribute 

characteristic that is of scientific and/or management importance, but 
insufficiently specific and/or logistically challenging to measure directly; also, 
ecological characteristic that specifically describes the state of Focal 
Components 

Baseline reference level derived from time periods or locations free from human 
pressures 

Benchmark indicator value suggestive of progress toward targets 
CCME Canadian Council of Ministers of the Environment 
CFR Code of Federal Regulations 
Criteria standards against which indicators were evaluated 
Data 
considerations indicator evaluation criteria related to the actual measurement of the indicator 

DO Dissolved Oxygen 

Domain distinct ecological areas that contain unique qualities or traits; terrestrial, 
freshwater, marine, interface/ecotone 

Driver factor that result in pressures that cause changes in the system 
Driver-Pressure-
State-Impact-
Response 
(DPSIR) 

conceptual framework that has been broadly applied in terrestrial and aquatic 
environmental assessments 

EBM Ecosystem Based Management 
Ecosystem 
assessment 
indicator 

technically robust and rigorous metric used by scientists and managers to 
understand of ecosystem structure and function 

EPM Ecosystem Portfolio Model 
ESA Endangered Species Act 

Focal 
component 

the major ecological characteristics of an ecosystem that capture the relevant 
scientific information in a limited number of discrete, but not necessarily 
independent categories 

FRAP Future Risk Assessment Project 
GDP Gross Domestic Product 
GIS Geographical Information System 

Impact measures of the effect of change in state variables such as loss of biodiversity, 
declines in productivity and yield, etc 

Improving 
indicator 

indicator that is increasing faster in the short-term but slower in the long-term 
than an index that captures aggregate changes in multiple indicators 

IBI Index of Biologic Integrity 



April 2011 Puget Sound Science Update  Page 117  Puget Sound Partnership 

Indicator 
quantitative biological, chemical, physical, social, or economic measurements 
that serve as proxies for difficult-to-measure attributes of natural and socio-
economic systems 

JISAO Joint Institute for the Study of the Atmosphere and Ocean 
Lagging 
indicator 

indicator that is increasing slower in the short- and long-term than an index 
that captures aggregate changes in multiple indicators 

Leading 
indicator 

indicator that is increasing faster in the short- and long-term than an index that 
captures aggregate changes in multiple indicators 

Limit reference level pegged to an extreme value beyond which undesired change 
occurs 

Management 
strategy 
evaluation 
(MSE) 

conceptual framework that enables the testing and comparison of different 
management strategies designed to achieve specified management goals 

MPA Marine protected areas 
NMFS NOAA National Martine Fisheries Service 

Nonlinearity sudden change in a response variable resulting from smooth and gradual 
change in a causal factor 

Normative 
reference level 

reference level defined based on what is socially acceptable, i.e., according to 
norms 

Norms 
define what is generally accepted within a cultural context, and may serve as 
societal standards to evaluate ecosystem conditions, human activities, or 
management strategies 

Open Standards 

Open Standards for the Practice of Conservation, developed by the 
Conservation Measures Partnership, Version 2.0 released in 2007. Available at 
http://www.conservationmeasures.org/initiatives/standards-for-project-
management. The Open Standards are a series of five steps that comprise the 
project management cycle, with the aim of providing a framework and 
guidance for successful conservation action. They define conservation efforts 
as “projects,” and bring together common concepts, approaches, and 
terminology in conservation project design, management and monitoring. For 
more information, see [3]. 

Other 
considerations 

indicator evaluation criteria that make an indicator useful, but without which 
an indicator remains scientifically informative 

PAH polycyclic aromatic hydrocarbons 
PBT Persistent Bioaccumulative Toxics 
PCB polychlorinated biphenyls 
PDBE polybrominated diphenyl ethers 
Performance 
Management 

A system to track implementation and communicate progress of a conservation 
project or program 



April 2011 Puget Sound Science Update  Page 118  Puget Sound Partnership 

Precautionary 
reference level 

reference level pegged to an extreme value beyond which undesired change 
occurs, but set to be more conservative than the limit; a.k.a. warning reference 
level 

Pressure factor that cause changes in state or condition. They can be mapped to specific 
drivers 

Primary 
considerations 

essential indicator evaluation criteria that should be fulfilled by an indicator in 
order for it to provide scientifically useful information about the status of the 
ecosystem in relation to PSP goals 

PSAT Puget Sound Action Team 
PSNERP Puget Sound Nearshore Ecosystem Restoration Project 
PSP Puget Sound Partnership 

PSP Goals 
combine societal values and scientific understanding to define a desired 
ecosystem condition, and include: Human health, Human well-being, Species 
and Food Webs, Habitats, Water Quantity, Water Quality 

PSSU Puget Sound Science Update 
Ranking scheme approach used to weight indicator evaluation criteria 
Reference 
direction 

which specifies how the trend in an indicator relates to the desired state of the 
ecosystem 

Reference level Point value or direction of change used to provide context so that changes in 
indicator values can be interpreted relative to desired ecosystem states 

Reference point Precise values of indicators used to provide context for the current status of an 
indicator 

Response Actions (regulatory and otherwise) that are taken in response to predicted 
impacts 

Results chains 

Map specific management strategies to their expected outcome (e.g., reduction 
of a threat) and their impact on key components of the ecosystem. One 
component in the Open Standards framework being used by the PSP to guide 
its performance management strategy. Results chains are diagrams that show 
how a particular action taken will lead to some desired result, by linking short-, 
medium- and long-term results in “if...then” statements. Comprised of three 
basic elements: strategy, expected outcomes, and desired impacts. Developed 
for use as part of the Puget Sound Partnership’s Performance Management 
System in {Neuman, 2009 #20}. 

Slipping 
indicator 

Indicator that is increasing faster in the long-term but slower in the short-term 
than an index that captures aggregate changes in multiple indicators 

SMA Shoreline Management Act 
SRKW southern resident killer whales 
State Condition of the ecosystem (including physical, chemical, and biotic factors) 
Target Reference level that signals a desired state 
Threats Any activities that have altered the ecosystem in the past or present, or are 
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likely to in the future 
UERL Urban Ecology Research Lab 
USFWS U.S. Fish and Wildlife Service 
Vital sign 
indicator 

Scientifically meaningful, but simple, metric that can generally inform the 
public and policy makers about the state of the ecosystem 

WAC Washington Administrative Code 
WDFW Washington Department of Fish and Wildlife 
WDNR Washington Department of Natural Resources 
WDOE Washington Department of Ecology 
WDOH Washington Department of Health 
WQI Water Quality Index 
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Section 1. Introduction 

The Puget Sound Partnership is charged with identifying actions to protect and restore Puget 
Sound, and assessing the effectiveness of those actions. As part of its effort to fulfill these 
charges, the Partnership will identify indicators to monitor the ecological and human systems 
within the Puget Sound region. These indicators will help inform decision makers and the public 
about the health of Puget Sound.  

In creating the Partnership, the Washington State Legislature identified six goals (State of 
Washington, 2007):  

1. A healthy human population supported by a healthy Puget Sound that is not threatened by 
changes in the ecosystem;  

2. A quality of human life that is sustained by a functioning Puget Sound ecosystem;  
3. Healthy and sustaining populations of native species in Puget Sound, including a robust 

food web;  
4. A healthy Puget Sound where freshwater, estuary, nearshore, marine, and upland habitats 

are protected, restored, and sustained;  
5. An ecosystem that is supported by ground water levels as well as river and stream flow 

levels sufficient to sustain people, fish, and wildlife, and the natural functions of the 
environment;  

6. Fresh and marine waters and sediments of a sufficient quality so that the waters in the 
region are safe for drinking, swimming, shellfish harvest and consumption, and other 
human uses and enjoyment, and are not harmful to the native marine mammals, fish, 
birds, and shellfish of the region.  

The first two goals explicitly reference human well-being while the other goals have less direct 
references or can be indirectly connected to human well-being. Indicators that assess human 
well-being will therefore be needed to assess the effectiveness of any actions recommended by 
the Partnership in their Action Agenda (Puget Sound Partnership, 2008).  

The use of indicators to track human well-being in previous ecosystem-based management 
efforts, however, is not common. Indicators connected to human well-being are most often used 
to measure the effects of social or economic policies and compare these effects across groups. 
Their use has therefore mostly focused on identifying and using a small set of indicators that 
covers a particular social or economic system (e.g.., housing or education) affected by the policy. 
Less common is their use when policy is primarily assessed first in terms of changes in 
ecological conditions and then only subsequently, if at all, in terms of changes in human 
conditions.  

This report provides a framework for identifying, evaluating, and selecting indicators that track 
human well-being in the context of ecosystem-based management (EBM). It begins with a 
discussion of how human well-being can be integrated into EBM and used (in principle) as an 
over-arching metric by which to evaluate the effectiveness and impacts of management actions. 
We then give a brief overview of the concept of human well-being, a term that is difficult to 
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define precisely, and discuss the nature of HWB indicators. The following section discusses 
methods for measuring human well-being and for assessing the links between changes in 
ecological conditions and changes in human well-being. Finally, the report outlines a framework 
for cataloging data and empirical studies, and for evaluating the nature and strengths of these 
links, in a manner that can assist the Puget Sound Partnership in its task of identifying and 
evaluating potential human well-being and other indicators.  
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Human Well‐being and Ecosystem‐based Management 

Over the past decade, efforts have been made to expand our understanding of coupled social and 
ecological systems (Millennium Ecosystem Assessment, 2003; Liu et al., 2007; Walker et al., 
2002). Governments at many levels have increasingly sought to base environmental management 
not just on political considerations, but on goals such as ecological health and resilience. 
Understanding how the two systems are linked is therefore important. The links between 
biophysical and human systems, and the support that the biophysical systems provide for human 
well-being, are both obvious and obviously important. The systematic measurement and 
assessment of the existence and importance of individual links, however, is less common than 
simple assertions that such links exist (Bowen and Riley 2003).  

Crafting a picture of a linked natural-human system often takes place in the context of 
ecosystem-based management. In its early conception, EBM was defined to mean "focusing on 
ecological systems that may cross administrative and political boundaries, incorporating a 
‘system' perspective sensitive to issues of scale, and managing for ecological integrity" (Endter-
Wada, 1998). This initial definition was an ecologically centered view with human systems 
incorporated simply as political boundaries or more complexly as impacts on the system to be 
controlled or reduced (Figure 1).  
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Although the purely ecocentric view still exists, there has been increasing recognition of the need 
to integrate humans and our social systems more completely into the EBM framework. The 
common approach to EBM has expanded to include the need to manage for the sustainability of 
human systems as well as ecological communities, to practice adaptive management, and to 
encourage broad-based involvement and collaboration in implementing EBM. As the term is 
employed in the Puget Sound region, EBM includes the management of ecosystems in ways that 
are inclusive of human needs and values, as reflected in the six goals listed in the previous 
section.  

This section provides a conceptual model of how human well-being can be integrated into the 
Partnership’s framework for conducting EBM. This model can also be used to craft a strategy for 
identifying and evaluating the connections between indicators, biophysical and human-based, 
and human well-being in the context of the Puget Sound Partnership’s tasks. By including human 
well-being (along with human health) as an explicit goal, the Partnership acknowledges the 
importance of this integrated view. Including indicators that measure impacts to both the human 
and biophysical systems will therefore provide stronger support for an EBM effort such as the 
one being pursued by the Partnership (Bowen and Riley, 2003; Carr et al cite). Bringing HWB 
into an ecosystem-based management effort has potentially deeper implications, however. The 
Partnership goals can sometimes conflict with one another, and so the question arises of how to 
assess and evaluate such conflicts. The current Partnership approach is to compartmentalize the 
six goals and discuss them separately. Examples of this include the Partnership's Ecosystem 
Status & Trends document (Puget Sound Partnership, 2009a) and the Identification of Ecosystem 
Components and Their Indicators and Targets technical memorandum (Puget Sound Partnership, 
2009b), where each goal is discussed separately. Connections among the systems represented by 
the goals are recognized, of course, but the question of how to resolve potential conflicts has not 
yet been addressed.  

Separating ecological goals from human well-being is apparently one way of resolving a long 
standing tension between adopting a wholly ecocentric or wholly anthropocentric viewpoint in 
ecosystem-based management (Endter-Wada et al., 1998, for a discussion of this tension). Still, 
by setting the two sets of goals apart, the Partnership implicitly grants the ecological goals 
something in the nature of intrinsic value. That is, species, habitat, water quality, and water 
quantity have value for their own sake; or, it may be that some aspect of a particular goal has 
value because of its support for aspects of the other natural goals (e.g., the value of nearshore 
habitat may be derived from its support for certain species), but the goals so supported are still 
valued for their own sake.  

Figure 2 gives a representation of this approach, where actions drawn from the Partnership's 
Action Agenda can be evaluated in terms of changes to one or more of the Partnership goals 
(Puget Sound Partnership, 2008). A problem with this construction is the difficulty it creates 
when intrinsically valued goals conflict with one another or, in this case, with human well-being 
(Justus et al., 2009). Little guidance is given about which goal should take precedence, and so the 
resolution of conflicts is hard to assess in a consistent, reasoned way. In contrast, viewing the 
values involved as instrumental creates an opportunity to evaluate goals with a common metric, 
because each goal is viewed as an "instrument" in achieving some higher, over-arching goal 
(Justus et al., 2009).  
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In the context of the Puget Sound Partnership, human well-being can be used as such an over-
arching goal (Figure 3). Now, the ecological goals are viewed as instrumental in supporting 
human well-being, which then becomes in principle a common metric by which to assess 
management actions. "Instrumental" does not mean material or based solely on monetary values. 
As noted by Justus et al. (2009), something has instrumental value to the extent that it is 
"considered valuable by valuers" - that is, in the context of EBM, it is something that humans 
value about the environment. This includes values that are independent of consumption or the 
use of a resource, for example, and can even involve actions that are to the material detriment of 
the valuer.  
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Using this framework, it is straightforward to consider different types of links that connect the 
ecological goals to HWB, and therefore the different types of instrumental values. In Figure 4, 
the management objective is to improve the conditions covered by the Species and Water 
Quantity goals. These goals have direct connections to HWB but through possibly multiple types 
of values. Figure 5 illustrates a different case, where the ecological goal of Habitat provides 
indirect value to humans through its ecological connections to the Species and Water Quality 
goals. Assessing the value in this case would require an understanding of 1) the effect of the 
action on habitat; 2) the effects of habitat changes on species and water quality; and 3) the value 
to humans of the resulting changes in the conditions of those two goals.  
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Creating the links between the Partnership's ecological goals and HWB also points to a more 
expansive view of the set of relevant indicators. Improving ecological systems is not the only 
way to improve human well-being (Millennium Ecosystem Assessment, 2005). Many factors 
support human well-being, only some of which are related to or derived from ecological systems. 
As Dasgupta (2001) notes, a society's total collection of capital is what supports its well-being. 
This capital is a diverse collection of traditional forms of capital (buildings and machines), 
"natural" capital (species and habitats), social capital (examples), and other forms. These forms 
of capital are partly substitutable for one another, and improvement in human well-being is then 
possible even if one or two components of total capital decrease (Millennium Ecosystem 
Assessment, 2005).  

Figure 6 shows a simple way of expanding the focus of EBM to encompass other forms of 
capital that support HWB. In this simple illustration, Economic Activity and Social Conditions 
are treated as broader social goals because they support human well-being. They are not 
necessarily objectives for the Partnership's management strategies, however, but are certainly 
affected by them. Because they have strong links to HWB, assessing the effects on these areas 
will likely improve management, at least in the case where HWB is used as a common metric. 
Figure 7 illustrates this by presenting the case where an action improves Habitat by constraining 
Economic Activity. HWB is enhanced by the first effect through the improvements in the 
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Species and Water Quality goals, but the constraint on Economic Activity can produce an 
offsetting negative effect. Accounting for both types of pathways between actions and HWB is 
necessary to evaluate the total effect of an action.  

 



April 2011 Puget Sound Science Update  Page 155  Puget Sound Partnership 

 

The framework illustrated in this section can be used to set priorities for actions and help select 
indicators. The simplicity of the figures, however, masks the incredible number of all the 
possible pathways that connect HWB to the conservation and restoration actions proposed by the 
Partnership. The following two sections address this problem. In section 3, we discuss the nature 
of human well-being and the traditional indicators that have been used to track and register 
changes in well-being. In section 4, we consider ways in which the various pathways could be 
evaluated in terms of the “strength” of the connections. Much of that evaluation lies outside the 
scope of this report, as it involves identifying and evaluating ecological indicators. The 
discussion in that section considers different approaches for assessing the strength of connections 
between human well-being and environmental attributes that have direct effects on well-being.  

Key Points: Human well-being is both a goal for the Puget Sound Partnership and a potential 
metric for assessing the effects of conservation and restoration actions that further all 
Partnership goals. 
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The Nature of Human Well‐being 

Human well-being is a broad concept, one that includes many aspects of our everyday lives. It 
encompasses material well-being, relationships with family and friends, and emotional and 
physical health. It includes work and recreation, how one feels about one's community, and 
personal safety. Precisely defining human well-being is difficult, however. Although it can be 
described, it lacks a universally acceptable definition and has numerous, and often competing, 
interpretations. As human well-being cannot be directly observed, it cannot be independently 
measured. And there are a host of terms -- quality of life, welfare, well-living, living standards, 
utility, life satisfaction, prosperity, needs fulfillment, development, empowerment, capability 
expansion, human development, poverty, human poverty, land and, more recently, happiness – 
that are often used interchangeably with human well-being (McGillivray and Clarke, 2008). 
Despite these difficulties, there is a large body of research covering the subject of human well-
being. HWB research occurs in multiple fields such as psychology, medicine, economics, 
environmental science and sociology (Costanza et al., 2007). In recent times, human well-being 
has frequently been considered analogous with income and consumption levels. The reasoning 
goes something like this: humans consume materials and services to meet their needs and desires, 
and so increase their well-being; markets provide these materials and services; income allows 
individuals to obtain these market items; therefore, income can be equated with human well-
being (Stiglitz et al, 2009). Using income or consumption as a proxy for well-being is 
problematic, however. Many material goods and services are not marketed; many of the 
determinants of human well-being are not resources but are circumstances or experiences that 
still have important connections to human well-being; and even a given market basket can 
produce varying amounts of HWB depending on the individual, so that some individuals can 
achieve a higher level of HWB with a market basket (i.e., income) smaller than others. Finally, 
income measured at the individual or national level overlooks distributional issues that can affect 
well-being (Stiglitz et al, 2009).  

For this exercise, human well-being will be treated as having multiple dimensions. It refers to the 
degree to which an individual, family, or larger social grouping (e.g. firm, community) can be 
characterized as being healthy (sound and functional), happy, and prosperous. (Pollnac et al., 
2006). The focus here, however, will be on individual well-being, although the determinants of 
an individual's well-being can include characteristics that include characteristics of family, 
community, nation, and so forth.  

Similar to work done by natural scientists to describe ecological components that represent the 
system's overall biophysical health, social scientists have created broad categories or domains to 
draw general distinctions among different components of HWB. Within each domain is a set of 
subcategories or attributes that identify the specific components of HWB for that domain. There 
is no one generally agreed upon set of domains and attributes to describe HWB. In reviewing 
over 22 studies, Hagerty et al (2001) found the following seven domains to be broad enough to 
encompass most research frameworks: relationships with family and friends; emotional well-
being; material-well-being; health; work and productive activity; feeling part of one's community; 
and personal safety (see also Cummins, McCabe, Romeo, and Gullone, 1994; Cummins, 1996).  
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The list of potential attributes is even longer, and no comprehensive list exists. Examples of 
attributes include items such as education; employment; energy; human rights; shelter, housing; 
health and health care access; income, income distribution, purchasing power; mobility; 
transportation; infrastructure; governing institutions; social participation; population; 
reproduction; leisure activities, sports participation and vacation time; spirituality; public safety 
and crime; traditional activities and cultural responsibilities; and more (Diener and Suh, 1997; 
Boelhouwer, 1999; Marks, 2007; Costanza, et a l., 2007; Flynn, 2002).  

Domains and attributes are concepts that allow researchers to understand and broadly categorize 
information. Indicators are the actual measures that communicate information about the state of 
and trends in HWB for a given system. They are most useful when the cost of gathering 
information about the entire system is high, so that information must be simplified into a set of 
easily quantifiable attributes that represent the entire system. Indicators have been the subject of 
considerable discussion in both the natural and social sciences, in disciplines such as economics, 
sociology, anthropology, psychology, ecology, forestry and many others. Due to the broad array 
of disciplinary approaches, definitions, and applications, the formulation of indicators varies 
widely depending on which ‘world view' is applied (Bowen and Riley, 2003). For example, the 
management community has focused on institutional measures of program performance while 
the ecological science community has worked to build indicators of the scope and scale of 
change in natural systems. The social science community has created social indicators to 
measure trends and changes in social systems.  

Social indicators are societal measures that reflect people's circumstances in a given cultural or 
geographic unit. Land (1983) identifies three primarily uses for social indicators: monitoring (i.e., 
reporting for policy assessment), tracking (i.e., reporting for public enlightenment), and 
forecasting. Social indicators can focus on populations of interest such as the elderly, disabled, 
minorities, or women; or they can be used to track changes in geographic regions There are two 
types of social indicators for measuring human well-being: objective and subjective indicators 
(Diener and Suh, 1997; Costanza et al., 2007; Cummins, 2000). Objective indicators are those 
that can, in principle, be measured and verified in the "public domain," as expressed by 
Cummins (2000). Examples of objective social indicators include infant mortality, doctors per 
capita, and longevity (assessed for the health domain); and homicide rates, police per capita, and 
rates of rape (assessed for the personal safety domain). Objective indicator data can be gathered 
by observation or other forms of impersonal measurement, or by surveys that seek objective 
information from individual responses. The key feature of an objective indicator is the 
perspective: In principle, they measure attributes of human well-being that are publicly visible 
and have a uniform interpretation across individuals.  

Objective social indicators help us understand how specific communities utilize resources or 
interact with the environment, but they do not measure how people feel about their place or their 
subjective experience influenced by the health of the environment. Subjective social indicators 
attempt to measure psychological satisfaction, happiness, and life fulfillment, which are private 
attributes of HWB in the sense of not being capable of independent observation and verification. 
By necessity, subjective social indicators are gathered through survey research instruments that 
ascertain the subjective reality in which people live. Sharpe (1999) describes this approach as 
"based on the belief that direct monitoring of key social-psychological states is necessary for an 
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understanding of social change and the quality of life." Different domains lend themselves to 
being measured and tracked by different types of indicators. Material well-being and other basic 
economic attributes of HWB are amenable to being measured with objective indicators. These 
are often derived from data gathered by the U.S. Census Bureau or other government agencies. 
Even these domains, however, have important subjective elements, and so tracking both 
objective and subjective indicators will provide a more complete understanding of HWB and 
environmental considerations.  

It is important to understand whether a social indicator has an unambiguous relation to HWB at 
either the individual or aggregate level, or whether it merely describes an attribute of HWB but 
without such a clear relation. If the first case holds, Land (1983) suggests that the indicator can 
then be used as a normative indicator, or one that can be directly tied to a social policy goal 
(Sharpe, 1999). The US Department of Health has defined normative welfare indicators in the 
following way:  

"…a statistic of direct normative interest which facilitates concise, comprehensive and balanced 
judgments about the condition of major aspects of a society. It is, in all cases, a direct measure of 
welfare and is subject to the interpretation that if it changes in the ‘right' direction, while other 
things remain equal, things have gotten better, or people are better off. Thus, statistics on the 
numbers of doctors or policemen could not be social indicators, whereas figures on health or 
crime rates could be (Land, 1983)."  

The use of normative social indicators in this sense requires that society agree about what needs 
to be improved, that agreement exists on what "improved" means, and that it is meaningful to 
aggregate the indicators to the level of aggregation at which policy can be defined (Land 1983). 
Normative social indicators are most useful when indicators are used for policy monitoring, and 
they can be either objective or subjective in nature.  

If an indicator does not have a clear policy relation, it can still be used as a descriptive indicator 
(Land, 1983), and can again be either objective or subjective in nature. As Land (1983) notes, 
descriptive social indicators focus on "social measurement and analysis designed to improve our 
understanding of what the main features of society are, how they interrelate, and how these 
features and their relationships change." This type of indicator may be related to social policy 
objectives, but is not restricted to this use (Sharpe 1999). Descriptive social indicators come in 
many forms, and can vary greatly in the level of abstraction and aggregation, from a diverse set 
of statistical social indicators to an aggregated index of the state of society.  

As should be clear from the discussion above, human well-being is a complex concept, 
impossible to observe and measure directly, from the viewpoint of an objective observer. 
Nevertheless, there is broad agreement on important areas such as HWB domains, some of which 
can be connected to Partnership goals and objectives. Thus, identifying social indicators for the 
Partnership’s efforts is a tractable task, although the basis for selecting a particular set of 
indicators is still daunting.  

Key Points: Human well-being is difficult to define and measure from an objective point of 
view, but can be categorized in terms of its domains, such as material and emotional well-being,  



April 2011 Puget Sound Science Update  Page 159  Puget Sound Partnership 

work and productive activity, and personal safety. Indicators connected to these domains can be 
objective or subjective in nature, and they can be normative (that is having an unambiguous 
relation to HWB) or descriptive. 
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The Determinants of Human Well‐being 

In this section, we consider how research on HWB and its determinants can illuminate the 
problem of selecting HWB indicators for ecosystem-based management. The focus is on 
methods that can and have been used to identify economic, social, and sometimes environmental 
factors that are correlated with and therefore likely to determine (in part) human well-being. 
These methods provide a way of assessing the connections between ecological and human 
systems, using human well-being as the metric by which to judge the strength of those links. The 
methods described below do not span the full set of potential ways of making such an assessment. 
In later versions of this document, the intent is to add, where warranted, other approaches.  

The approach taken here is admittedly a reductionist view of human well-being and its 
determinants. First, we collapse the multiple domains or dimensions of human well-being into a 
single measure. While this measure is not observable directly, we use a framework that is based 
on either subjective, self-reported evaluations or inferred from observable behavior. Second, we 
assume that HWB can be expressed as a function of measurable, objective circumstances. There 
may be many other determinants, of course, that are not easily measured or even observable, but 
the challenge of selecting indicators for HWB can only be met if this second assumption holds.  

With these assumptions, we can then formally represent HWB in the following way (Welsch and 
Kühling, 2009):  

HWB = F(M,X,D,Q,U)  

where HWB is an individual's stated well-being (the measurement of which is discussed below); 
M is the individual's income; X is a set of community or higher level "macro" factors that help 
determine HWB; D is a set of individual-level factors that help determine HWB; Q is a set of 
environmental conditions that determine the individual's HWB.; and U is a set of unobserved (or 
unmeasured) HWB determinants.  

This equation provides a basis for formally and quantitatively assessing the links between a 
particular environmental quality attribute, Qi, and HWB:  

 

which provides a theoretical construct for evaluating what environmental quality attributes are 
connected to HWB (i.e., is ∂F/∂ Qi > 0?) and to assess the strength of the connections (i.e., what 
is the magnitude of ∂F/∂Qi ?) (Welsch and Kühling, 2009).  
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Below, we consider three general strategies for bringing this equation to life. The first, generally 
known as life satisfaction or “happiness” studies, starts with direct measurement of HWB and 
then analyzes objective factors that correlate with that measurement. The other two are different 
approaches used in economics based on the willingness of individuals to sacrifice one good 
(usually taken as income) for others, or a “willingness-to-pay” (WTP) approach. The first of 
these is based on the actual behavior of individuals, either observed directly or inferred through 
market prices. The second of the WTP approaches is based on the stated preferences of 
individuals regarding their willingness-to-pay for one situation relative to another. Each of these 
three approaches uses the equations above in one way or another to derive quantitative estimates 
of connections between HWB and its determinants.  

1. Direct, Subjective Measurement of Human Well‐being  

The question of an individual’s well-being can be addressed by taking a straightforward 
approach: Ask a person directly. The literature that has built up around this approach is generally 
known as life satisfaction or “happiness” studies. The types of measures used to assess HWB in 
this way fall into two categories: (1) measures that reflect an individual’s self-reported well-
being in a global or holistic sense; and (2) measures that reflect an individual’s self reported 
well-being in the moment (Frey and Stutzer, 2002; Vitarelli, 2010).  

 

This approach and methods to analyze life satisfaction and happiness originated in psychology 
but have been of found increasing interest to economists. The existence of several long-running, 
multi-national surveys provide a rich set of data for analysis (Frey and Stutzer, 2002):  

• The General Social Surveys, which asks: "Taken all together, how would you say things 
are these days—would you say that you are very happy, pretty happy, or not too happy?" 
(Davis, Smith, and Marsden, 2001).  

• The World Values Survey, which uses a ten-point scale and asks respondents: "All things 
considered, how satisfied are you with your life as a whole these days?" (Inglehart et al. 
2000).  

• The Eurobarometer Surveys, which covers all members of the European Union and asks 
respondents: "On the whole, are you very satisfied, fairly satisfied, not very satisfied, or 
not at all satisfied with the life you lead?" (Noll, 2008)  

Other approaches use the answers to multiple questions to address life satisfaction, such as the 
Satisfaction With Life Scale (Diener et al., 1985), which is composed of five questions and rates 
life satisfaction on a scale from one to seven.  
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As is the case for all data gathered through surveys, this approach is prone to a host of possible 
errors. A person’s self-reported global well-being can be influenced by moment-to-moment 
factors such as mood and immediate circumstances; it can also be affected by survey artifacts 
such as the order and wording of questions, the response scales used, and the selection of 
information given as context (Frey and Stutzer, 2002). Whether these factors produce systematic 
biases depends on how the data are used, as the potential problems are muted if their main use is 
not to compare levels in an absolute sense but rather to seek to identify the determinants of 
happiness.  

With data on self-reported individual well-being, the framework above can be used to discern the 
determinants of HWB. The true level of HWB is modeled as a latent variable that is related to 
objective individual, economic, social, and environmental conditions, and the function above 
(usually in a linear form) can be estimated using ordered probit or logit regression (Welsch and 
Kühling, 2009). Among the most studied determinants is income (Hsieh 2003, Solberg et al 2002, 
Vera-Toscano et al 2006, Warr 1999, and many others). Across individuals within a given 
location, the general (and very robust) result is the people with higher incomes report higher 
levels of well-being (life satisfaction or happiness) - "income does buy happiness" (Frey and 
Stutzer, 2002).  

Easterlin (1974, 1995, 2001), however, has found that while this result holds cross-sectionally, as 
incomes rise over time within a given area (such as a nation), everyone’s self-reported well-
being does not necessarily increase. This result has been supported by laboratory experiments 
that look at the effects of individuals’ relative income on happiness (Smith et al. 1989, Tversky 
and Griffin 1991). Another interesting result comes from Alesina, et al. (2001), which found a 
strong negative relation between income inequality and happiness in Europe, but not in the 
United States. Another area related to income is unemployment, which many studies have shown 
to have strong, negative effects on well-being (Clark et al. 2001, Di Tella et al. 2001, Graetz 
1993, Korpi 1997, Winkelmann and Winkelmann 1998).  

Other individual circumstances play a strong role in determining self-reported well-being. A few 
areas are criminal victimization (Michalos and Zumbo 2000), housing and home-ownership 
(Diaz-Serrano 2006), and education (Hayo and Seifert 2003). Di Tella et al. (2001) show how 
inflation and unemployment both affect an individual’s well-being; Frey et al. (2009) show how 
terrorism in France and the British Isles exerts a strong negative effect on subjective well-being; 
and Frey and Stutzer (2000), in a study of Swiss cantons, show how the institutional right of 
individual political participation via popular referenda exerts a strong effect on happiness.  

This approach has also been used to examine the relations between environmental conditions and 
subjective well-being, as shown in Table 1 (Welsch and Kühling, 2009; Ferreira and Moro, 
2010). While research on measuring subjective HWB directly and exploring its determinants is 
growing, the literature has not yet expanded to cover the broad set of ecological goals associated 
with the Partnership’s efforts. Nevertheless, these studies and this method provide an interesting 
perspective on how links between ecological conditions and HWB can be assessed. If changes in 
these conditions have progressed to the point of having serious impacts on human systems, 
viewing the impacts through the lens of direct, subjective measurement of HWB would seem a 
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fruitful avenue. Short of such changes, other methods (such as the ones discussed below) would 
seem more likely to provide a finer grained assessment of the links.  

 

 

Revealed Preferences Methods  

Standard economic theory is based on the assumption that observable choices made by 
individuals reveal their expected preferences. Individual utility is inferred from behavior, and is 
in turn used to explain the choices made (see Slesnick 1998 for an extended discussion). 
Behavior is therefore a way of inferring well-being, in that individuals are assumed to choose 
actions that are, from an ex ante perspective, the “best,” or the actions that maximize their well-
being. Criticisms of this approach, and particularly the equating of utility and well-being, are 
legion. One of the leading lines is Kahneman (1999; see also Kahneman and Krueger, 2006; 
Kahneman and Sugden, 2005; Kahneman, Wakker, and Sarin, 1997), who distinguishes between 
decision utility (which is what economists analyze) and experience utility, which is akin to the 
moment-to-moment well-being discussed above. He argues that if the two utilities differ in their 
implications for public policy, experience utility should be favored over decision utility. A 
common example given to support this stance is one that features smokers: they may decide to 
have a cigarette (decision utility), yet be better off if they don’t (experience utility) (Read, 2004).  

Nevertheless, although the revealed preference approach is not without its problems, it still offers 
a rich literature from which to draw, at least for the purpose of investigating links between 
environmental quality and human well-being. Below, we consider three methods that use actual 
behavior to assess the determinants of HWB: market-based approaches, hedonic analyses, and 
non-market behavior-based approaches.  
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Market‐based Approaches  

The most obvious way of discerning a link between environmental quality and human well-being 
is to look for environmental “goods and services” in the marketplace. Environmental resources 
are often inputs to market-based production processes. If so, their value can be measured directly, 
if the environmental resources are sold in a market; or inferred, if they are not themselves traded 
but the products they support are. Techniques for estimating the values in these cases are 
presented in standard benefit-cost textbooks (e.g., Zerbe and Bellas, 2006; Zerbe and Dively, 
1994).  

For example, Peters et al. (1989) examines the potential market value of non-timber forest 
products, such as fruits, latex, and tropical medicines, in a hectare of forestland. This value can 
be measured by calculating the net revenues per hectare from collecting these goods. Other 
studies use the costs of undesirable environmental change as a way of estimating the potential 
value of avoiding such change. Yohe et al. (1998) use the market value of land plus the cost of 
constructing protective sea walls to estimate the potential damage from sea level rise. The 
economic costs of climate change, and therefore the economic benefits of avoiding climate 
change, can also be estimated using this market perspective. Climate change will impact energy 
markets by shifting demand for energy resources, and the value of this shift can be used to infer 
these costs (Mansur et al., 2008). Similarly, a change in available water for an area through 
changes in climate can be valued using a demand model of water consumption in a watershed 
(Hurd et al., 1999).  

The existence of markets for ecological goods and services provides an immediate pathway that 
connects ecological conditions to HWB. For Puget Sound, a potential source of relevant market-
based data covers the commercial harvests of finfish and shellfish (Table 2) (Pacific States 
Marine Fisheries Commission , 2009). The volume of landings and the amount of revenues 
demonstrates the obvious value of these environmental goods. Exactly how these measures have 
or would respond to changes in the quality of their supporting habitat and other environmental 
conditions has not been the subject of systematic study, however.  
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Hedonic Analyses  

Market goods often have multiple characteristics but are sold as a bundle. Analyzing such goods 
to discern the implicit price of each individual characteristic is an approach known as hedonic 
analysis. An existing house, for example, contains many characteristics that come as a bundle: 
numbers of bedrooms and bathrooms, square footage, size of lot, type of energy used, and so 
forth. If the good is fixed to a certain location, the characteristics of the location also become part 
of the bundle. Again, for an existing house, such location-specific characteristics include the 
quality of public schools, proximity to jobs, transportation networks, and even environmental 
amenities, such as air and water quality or proximity to open space. Each of these characteristics 
is not explicitly priced, yet the price of the house varies systematically with variation in their 
levels. Two types of bundled goods are analyzed with this approach: housing (or more generally, 
property) and jobs (wages).  

Hedonic property models collect data on the prices of home sales and housing characteristics, 
which can include environmental quality and amenities. The expectation is that “good” features 
of a location (e.g., air and water quality) will be reflected by positive implicit prices for those 
features, while “bad” features (e.g., toxic waste sites) will have negative implicit prices. Hedonic 
wage models are based on the assumption that a job is a bundle of characteristics, which cover 
workplace characteristics as well as location-specific characteristics, including environmental 
quality and amenities. Here, the expected direction of implicit prices is the opposite of that for 
hedonic property prices. “Good” features will have a negative implicit effect because workers are 
willing to accept lower wages in locations with such features; “bad” features are associated with 
higher wages for the opposite reason. Although hedonic wage models are primarily used in 
environmental economics to value mortality risk, there are some studies that incorporate a 
broader set of environmental quality measures.  
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Exactly how one bounds a “location” for hedonic analysis is important. Most studies are limited 
to urban areas that have well-defined boundaries, or to other geographic units (counties, census 
blocks, and so forth) that have similarly well-defined boundaries. The characteristics of the 
bundled good are then taken from the features found within these boundaries. In contrast, 
Schmidt and Courant (2006) consider proximity to "nice" places (national parks, lakeshores, 
seashores, and national recreation areas) in an hedonic wage model. They found that amenities 
outside the metropolitan area generate compensating wage differentials, as workers are willing to 
accept lower wages to live in proximity to accessible “nice” places.  

The hedonic approach has been used to estimate the values, as reflected in property prices or 
wage levels, for several types of environmental quality attributes, as shown in Table 3. Examples 
of studies that examine attributes that are more connected to ecological systems are briefly 
reviewed below:  

• Cho et al. (2009) examined amenity values of forest landscapes in the Southern 
Appalachian Highlands using a hedonic housing-price framework. Their results show that 
housing prices respond to the size and the density of forest-patches.  

• Bin and Polasky (2005) used a hedonic property price method to estimate how wetlands 
affect residential property values in a rural area. They found that i) a higher wetland 
percentage within a quarter mile of a property, ii) closer proximity to the nearest wetland, 
and iii) larger size of the nearest wetland are associated with lower residential property 
values.  

• Poor et al. (2007) investigated the value of ambient water quality throughout a local 
watershed in Maryland using a hedonic property value model, focusing on total 
suspended solids and dissolved inorganic nitrogen. Their results indicate that there is a 
substantial penalty imposed on property prices by higher levels of total suspended solids 
and dissolved inorganic nitrogen.  

• Bark et al. (2009) examined homebuyers' preferences for nearby riparian habitat in the 
metropolitan Tucson study area and the data incorporated into a hedonic analysis of 
single family residential house prices. The results indicate that high quality riparian 
habitat adds value to nearby homes and that instead of indiscriminately valuing "green" 
open space, nearby homebuyers distinguish between biologically significant riparian 
vegetation characteristics.  

• Bin et al. (2009) used data from the Neuse River Basin in North Carolina to provide 
empirical evidence on the effect of a mandatory buffer rule on the value of riparian 
properties. They found that a riparian property generally commanded a premium, but 
there was no evidence that the mandatory buffer rule had a significant impact on riparian 
property values when compared with the control group.  

• Netusil (2005) uses the hedonic method to examine how environmental zoning and 
amenities are related to the price of single-family residential properties sold between 
1999 and 2001 in Portland, Oregon. The type of environmental zoning and the property's 
location affected the price effect of environmental zoning, while the type of amenity and 
its proximity affected a property's sale price.  

• Horsch and David (2009) use hedonic analysis to estimate the effects of a common 
aquatic invasive species--Eurasian water milfoil (milfoil)—on property values across an 
extensive system of over 170 lakes in the northern forest region of Wisconsin. Their 
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results indicated that property on lakes invaded with milfoil experienced an average 13% 
decrease in value after invasion.  

• Halstead et al. (2003) applies the hedonic method to estimate the effects of variable 
milfoil on shoreline property values at selected New Hampshire lakes. Results indicate 
that property values on lakes experiencing milfoil infestation may be considerably lower 
than similar properties on uninfested lakes, but that the results are highly sensitive to the 
specification of the hedonic equation.  

• Michael et al. (2000) used the hedonic approach to estimate the value for nine measures 
of water clarity for lakefront properties in Maine. They found that the value of water 
clarity varied across these measures, with the differences in implicit prices large enough 
to potentially affect policy decisions.  
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Non‐market Behavior‐based Approaches  

For many recreational and other environmental experiences, there is no formal market that can 
be used to assess their value, either directly or indirectly as is done with the hedonic approach. If 
the experience requires some form of travel or other behavior that entails a cost (usually in terms 
of time), however, it is possible to infer how an individual values that experience in terms of 
their willingness-to-pay. The most common form of this approach is the travel cost method, 
which uses travel costs and visitation rates to a recreation site to estimate a demand function for 
that type of recreation (Clawson, 1959; Knetsch, 1963). Similar to the assumptions for hedonic 
models, the recreation “good” can be a bundle of characteristics, some of which are the 
environmental features important to the recreational experience. If data are available for visits to 



April 2011 Puget Sound Science Update  Page 169  Puget Sound Partnership 

multiple sites with varying levels of those features, one can then estimate the contribution of a 
particular feature to the demand for that recreation, and from this estimate its value (Morey, 
1981).  

The travel cost method has been widely used to estimate the value of recreation. Loomis (2005) 
summarizes many of these studies for the purpose of assessing recreation values that could be 
applied to the U.S. National Forest system. Table 4 presents estimates from Loomis (2005) of 
seven different types of recreation, drawn from studies conducted in Oregon or Washington. As 
will be illustrated in the next section, the travel cost and other non-market behavior-based 
methods have been largely overtaken by the state preference approach. Nevertheless, there are 
some studies worth noting:  

• Murray et al. (2001) estimated the value of reducing beach advisories in Great Lakes 
beaches located along Lake Erie's shoreline in Ohio. They found that the across all 
visitors, the average seasonal WTP to encounter one less advisory was approximately $28 
per visitor.  

• Egan et al. (2009) used a set of water quality measures developed by biologists in a study 
of recreation visits to 129 lakes in Iowa, and derived estimates of the willingness-to-pay 
for improvements in the water quality measures. The results demonstrated a significant 
WTP for water clarity as measured by the Secchi transparency, and that recreational trips 
decreased as concentrations of nutrients increased.  

• Massey et al. (2006) and estimated the benefits of reducing water pollution for 
recreational fishing when fishing takes place at multiple locations. They found only small 
impacts from improving water quality conditions in Maryland's coastal bays alone, but 
that improvements throughout the range of the species could increase abundance and 
associated beneficial increased catch rates.  

• Montgomery and Needelman (1997) also estimated the benefits of reducing water 
pollution for recreational fishing when fishing takes place at multiple locations. They 
estimated an annual benefit of $63 per capital per seasons from eliminating toxic 
contamination from New York lakes and ponds.  

• Johnstone and Markandya (2006) derived economic values for river quality indicators, 
including chemical, biological and habitat-level attributes, by developing a model of 
angler behavior that linked these attributes to visitation rates. The models could then be 
used to estimate the welfare associated with marginal changes in river quality.  
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Stated Preference Methods  

Stated preference methods rely on survey questions that ask individuals to make a choice, 
describe a behavior, or state directly what they would be willing to pay for specified changes in 
non-market goods or services. This approach is controversial because in most cases it is not 
possible to verify independently the answers given to the survey questions, although 
experimental work has been conducted to investigate this issue (Murphy et al., 2005). Stated 
preference methods are increasingly used in economic studies of environmental quality because 
they offer the opportunity to estimate the valuation for anything that can be presented as a 
credible and consequential choice. Because they do tie willingness-to-pay to a hypothetical act of 
payment, they do not require observations of actual behavior and so they are the only economic 
methods that can measure non-use values.  

The stated preference method can take the form of a contingent valuation survey, which asks 
respondents directly about the monetary value of a particular commodity or environmental 
change (Mitchell and Carson, 1989). A second approach, and one that is increasingly common, is 
the choice experiment or conjoint analysis approach (Holmes and Adamowicz 2003). This 
survey method gives respondents a set of hypothetical scenarios, each depicting a bundle of 
environmental attributes supplied at a given level, where the levels vary across scenarios. Also 
included (in nearly all cases) is a monetary cost, often characterized as a payment to a fund, a tax, 
or some other payment mechanism. Respondents are asked to express their preferences by 
choosing the most preferred alternative, ranking them in order, or rating them on some scale. By 
examining the tradeoff between the environmental attributes levels and the payment amounts, the 
willingness-to-pay for the different attributes can be estimated.  

Although this approach has focused mainly on environmental economic issues, it has also been 
used to address other, non-environmental issues, including violent crime (Atkinson et al., 2005); 
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urban amenities (Howie et al., 2010); broadband service (Tseng and Chiu, 2005); and public 
transit stop information (Caulfield and O'Mahony, 2009). Cook and Ludwig (2002) examined 
people's views of policies designed to reduce gun violence using a stated preference model. They 
asked respondents how they would vote on a policy that was described as having the potential to 
reduce gun violence by 30 percent. Stated preference questions were used to measure 
respondents' likelihood of using the high occupancy traffic lanes as a function of the toll level 
and time savings (Georgia State Road and Tollway Authority, 2005).  

Stated preference studies are by far the richest literature for connecting environmental conditions 
to HWB, at least as measured in terms of individuals’ willingness-to-pay. Examples are cited in 
Table 5, which lists stated preferences studies that have estimated the willingness-to-pay for 
protecting a species (Richardson and Loomis, 2009). Below, a few of the many other studies are 
summarized:  

• Carson and Mitchell (1993) perform a single comprehensive CV analysis, asking a 
national random sample of U.S. households to value the change in water quality that 
results from moving from no pollution control to "swimmable" water quality nationwide. 
Their best estimate of annual benefits is $(1990) 29.2 billion.  

• Lyon and Farrow (1995) assessed the incremental net benefits of additional water 
pollution control investments beyond 1990. They concluded that these programs could 
have net benefits less than zero, but significant uncertainties remained.  

• Milon, J.W., and D. Scrogin (2005) estimated the benefits of restoring the Greater 
Everglades ecosystem in Florida. They cast the restoration in terms of ecological 
functions (water levels) and structural changes (species populations) and found higher 
WTP for the latter than the former.  

• Bell et al. (2003) used a stated preference survey to determine the WTP for a local coho 
salmon enhancement program in four Washington and Oregon coastal estuaries. They 
estimate this WTP to range between $37 and $120, depending on a household’s income 
and the type of program.  

• Hall et al. (2002) measured the benefit of an improvement in the quality of rocky 
intertidal zones in southern California resulting from additional regulation enforcement 
and access limitations. They presented respondents with a hypothetical reduction in 
illegal collecting and onsite habitat disturbance, which would increase the abundance of 
intertidal organisms, and found an average WTP of $6 per family-visit.  

• Viscusi et al. (2007) used the stated preference approach to estimate values for water 
quality ratings based on the US Environmental Protection Agency National Water 
Quality Inventory ratings. They found an average value of $32 for each percent increase 
in lakes and rivers in the region for which water quality was rated as “Good.”  

• Banzhaf et al. (2006) quantified the total economic value of ecological improvements to 
New York’s Adirondack Park from a reduction in acid rain. They estimated the WTP for 
these improvements to range from $48 to $107 annually.  
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Summary  

Given the flexibility of the stated preference approach, it is tempting to ignore the first two 
methods – direct, subjective HWB measurement and revealed preference approaches – and focus 
on the stated preference approach as the most fruitful, at least in terms of ongoing and future 
research. That approach can be difficult to apply for ecological systems, however, because 
presenting information on such systems in the context of a survey can be problematic (Boyd and 
Krupnick, 2009). For the first two methods, an individual does not need to understand or even be 
aware of entire system that connects ecological conditions and well-being. These methods are 
based on the actual experience of these conditions, however, because they use objective 
measurements of the “real” conditions as the basis for analysis. For stated preference surveys, the 
connections are explored by giving individuals information about various scenarios, which 
inevitably decompose the environment into a limited set of abstract conditions. This means that 
respondents do not experience the full set of “real” conditions, and so are likely to “fill in the 
gaps” in ways that present problems for gathering useful data (Boyd and Krupnick, 2009).  

In any case, there is much more work to be done to relate changes in environmental conditions to 
changes in human well-being. (Stiglitz et al. 2009). One must be careful in drawing conclusion 
from the current literature, as the absence of evidence documenting the strength of a connection 
should never be taken as evidence of the absence of such a connection. Nevertheless, 
documenting such absences can identify potentially important areas for future research.  

Key Points: Although human well-being cannot be observed directly, there are methods to 
assess the determinants of human well-being. Research has utilized these methods to investigate 
the strength of connections between economic, social, and environmental factors and HWB. 
There is still much work to be done, however, in documenting these connections, particularly 
those covering environmental factors in general and for Puget Sound in particular. 
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Linking Biophysical and HWB Indicators 

In this last section, we briefly present a framework for establishing connections between 
potential indicators of ecosystem biophysical conditions and human well-being in Puget Sound. 
The framework also provides a way of characterizing existing and future studies and data that are 
relevant to an element of the set of potential HWB indicators.  

1. Connections between biophysical and human‐based indicators  

Just as the Partnership’s biophysical goals can be linked to human well-being, so too can 
biophysical indicators. In some cases, the component tracked by a biophysical indicator is 
directly connected to HWB. A component such as a species, for example, can be valued for its 
existence, even without any direct consumptive use (e.g., harvest) or non-consumptive activity 
(e.g., wildlife viewing). Some of the species in Table 4, for example, have little value other than 
this existence value, and so a measure of some aspect of that species’ biological status could 
serve both as a biophysical indicator and as a normative indicator of human well-being. 
Estimates of WTP drawn from state preference studies that then measure existence value are one 
way of gauging the importance of such an ecological component. This provides a means of 
identifying a potentially useful indicator, independent of its qualities as a biophysical indicator.  

At the other extreme, human well-being is sometimes derived purely from the direct 
consumption or harvest of an ecological component. The level and value of that use can be used 
as a normative HWB indicator, easily expressed in dollars if the use takes place in a market 
setting. In such a case, an indicator that tracks the actual level of consumption or harvest 
provides information on actual HWB, while an indicator that tracks the biological status of the 
ecological component provides information on potential future HWB.  

This case presents an interesting complication that illustrates some of the nuances involved in 
introducing HWB into ecosystem-based management. Fishing provides an example relevant to 
Puget Sound. The harvest of a fish population is an activity that supports HWB, and so an 
indicator based on harvest levels is one that faithfully tracks HWB. If the harvest rate is 
unsustainably high, however, an indicator that tracks the status of the fish population will trend 
downward, which seemingly indicates a decline in HWB.  

(For the purposes of this simple example, we assume that the fishery is “mature” in that the 
initial stock is at or below the level that would produce the maximum sustainable yield or growth 
rate. In that case, a harvest level greater than the growth rate is one that will lower the stock size 
and its growth rate, accelerating the stock’s decline.)  

How should these conflicting signals be interpreted? If a conservation action consists of 
rebuilding the fish population with a period of lowered harvest levels, both indicators will 
accurately reflect the effects of this action on HWB. In Figure 8 (top panel), the harvest level is 
initially above the sustainable level for the initial stock size, which we assume is the desired or 
target population level. HWB is correspondingly high, but not at a level that can be sustained 
indefinitely. At some point, restrictions on harvest are imposed for the purpose of rebuilding the 
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stock. These restrictions reduce the current level of HWB, which then increases assuming the 
rebuilding period at some point allows harvest to increase gradually. Finally, harvest is 
maintained at a sustainable level after the stock is rebuilt, and (in this simplistic world) can be 
maintained at that level indefinitely.  

The current level of HWB faithfully tracks the harvest level throughout these periods, and so a 
normative HWB indicator can be developed based on annual harvests. At the same time, the fish 
population dynamics foretell future HWB. In Figure 8 (bottom panel), the stock size decreases 
during the period of overharvesting to levels significantly below its initial, target level. During 
the rebuilding period, it increases, eventually reaching the target level, where it can be 
maintained indefinitely as long as the harvest level is sustainable. Again, these movements are 
faithful predictors of future HWB, and so a normative HWB indicator can be based on its level, 
recognizing that the information embedded in such an indicator is partly dependent on how the 
system is managed. This example underscores the complexities in interpreting biophysical 
indicators in terms of HWB, given the dynamic nature of ecosystems and the potential of natural 
capital to support current and future HWB.  

In other cases, connections exist between ecological and human systems that support HWB along 
even more complicated pathways. Understanding these pathways is important to identifying 
potential indicators, evaluating their qualities, and understanding how to relate changes in their 
levels to changes in HWB. For example, the harvest example illustrated in Figure 8 focuses only 
on the HWB derived from the connection between a fish population and its harvest by humans. 
Such a population can be valued along multiple pathways, however, some of which are 
complementary to harvest while others potentially involve tradeoffs.  
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For example, Puget Sound coho salmon populations provide opportunities for recreational and 
commercial fisheries, some of which are conducted by Puget Sound tribes (Pacific Marine 
Fisheries Council, 2010, Tables B-39 and B-41). They are also prey for bald eagles (Stinson et 
al., 2007), an iconic species that has considerable economic value for wildlife viewing and 
existence value (Boyle and Bishop, 1987; Stevens et al., 1991; Swanson, 1996). In the Skagit 
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River basin, coho populations have experienced a loss in spawning and rearing habitat due to 
economic activities such as flood control, agriculture, and other activities (Stinson et al., 2007). 
Focusing on agriculture, we note that the Partnership has identified it as a “Low Threat” to 
ecosystem health (Puget Sound Partnership, 2009c). The Partnership has also identified “locally-
grown food” in its Action Agenda as part of its five primary objectives, under the qualification 
that its production be “consistent with ecosystem protection” (Puget Sound Partnership, 2008). 
The cost and quality of agricultural production is an obvious contributor to HWB, as evidenced 
by its market value; moreover, there is some evidence that locally-produced food can command a 
higher WTP, other characteristics constant Darby et al., 2008). All of these connections create a 
complex set of pathways between potential biophysical and human-based indicators, and 
between those indicators and potential management actions (Figure 9).  

 

In this system, HWB indicators could be based on  

• Coho and bald eagle populations (I1 and I2). Bell et al. (2003) used a stated preference 
survey to determine the WTP for a local coho salmon enhancement program in four 
Washington and Oregon coastal estuaries. They estimate this WTP to range between $37 
and $120, depending on a household’s income and the type of program. Swanson (1996) 



April 2011 Puget Sound Science Update  Page 178  Puget Sound Partnership 

used a stated preference survey to determine the WTP of visitors to the Skagit River Bald 
Eagle Natural Area for bald eagle preservation. She found that visitors were willing to 
pay up to $350 for a 3005 increase in their population.  

• Commercial Puget Sound coho harvest (all sources) and commercial, ceremonial, and 
subsistence tribal Puget Sound coho harvest levels (I3 and I4). As noted before in Table 2, 
Puget Sound coho populations are a valuable market commodity.  

• Locally-based agricultural production (I5). Darby et al. (2008) used a stated preference 
survey to address whether consumers place a premium on “local” food distinct from other 
agricultural characteristics such as product freshness. They found that “local” does 
command a premium but found no difference between “in state” and “nearby” as the 
relevant geography for “local”.  

• Local development (I6). Because human well-being is supported by myriad forms of 
capital, not just natural capital (Millennium Ecosystem Assessment, 2005), measuring the 
contribution of land development to HWB and utilizing an appropriate indicator are 
important for EBM. This is an area for future work.  

For broader purposes, one could use this approach for identifying connections and potential 
indicators to refine the Partnership’s development of objectives and performance measures based 
on the Open Standards framework and its results chains (Puget Sound Partnership, 2009d).  

Summary  

Assessing the strength of connections between HWB and biophysical or human-based 
components of the ecosystem provides some guidance for EBM, then, in several ways. First, 
where sufficient evidence exists to indicate the strength of a connection, using any of the 
approaches described in the previous section, such evidence can highlight potential indicators 
associated with relatively strong connections. Second, the evidence can at least give some 
insights into the overall effect on HWB in cases where proposed management actions have 
multiple effects and potential tradeoffs. The evidence might indicate where such tradeoffs are 
likely to be “one-sided,” in the sense of one value or connection being significantly stronger than 
any other; or it might indicate where such tradeoffs might be “closer,” in that they involve 
multiple connections with some value but which move in opposite directions in response to a 
proposed action. And finally, collecting and cataloging evidence of this sort can highlight the 
(unfortunately many) areas where evidence is sparse, particularly for the connections among 
biophysical conditions, human behavior and values, and overall human well-being in the Puget 
Sound region. This can help set priorities for future social science research to support the Puget 
Sound Partnership’s mission.  

Key Points: The evidence on connections between environmental conditions and human well-
being can be used to identify and evaluate potential indicators for the Puget Sound Partnership. 
Some biophysical indicators can also serve as human well-being indicators, or can be used in 
conjunction with HWB indicators to which they are connected. Evidence drawn from studies on 
HWB and environmental conditions can be used to assess the potential importance of the 
connections between the two, and so provide the Partnership with guidance on choosing 
relevant indicators. 
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Section 1. Introduction 

Our objective in this section is to review the status and trends of biophysical components of 
Puget Sound that speak to the Puget Sound Partnerships key goals: species and food webs, 
habitats, water quality and water quantity. Each of these goals are multi-facetted, and a nearly 
limitless range of topics could be covered. Indeed, one of the qualities that make Puget Sound a 
natural treasure is the diversity of species and habitats that it supports. This diversity precludes 
detailed treatment of all ecosystem components and requires thoughtful selection of metrics that 
speak to ecological condition and policy goals.  

An ideal process for selecting components would be a sequential approach allowing us to use the 
framework developed in Chapter 1 to evaluate multiple indicators followed by an analysis of 
data availability, status and trends therein. However, time constraints required that we work in 
parallel with the Chapter 1 effort, so our choice of focal components and our reporting is largely 
independent of that process. We do not use the term "indicators" when referring to these 
components because they have not been formally vetted as such.  

Lacking a formal procedure or framework to select focal biophysical components, we adopted 
two overarching considerations in selecting components: metrics should be ecologically or 
policy relevant attributes of Puget Sound, and must have been the focus of sufficient study to 
permit status evaluation. Consequently, species that are recognized as important in the Puget 
Sound ecosystem, but for which sufficient data do not exist, were excluded from this analysis. 
Omissions based on data insufficiencies can be used to help guide decisions regarding data 
collection programs in the future. Additional guiding principles and considerations included the 
following: 1) culturally important species for which there are clear policy goals (e.g., harvested 
species, iconic species such as killer whales) were included whenever possible, along with 
critical species and habitats upon which they rely; 2) species of particular conservation concern 
were incorporated; 3) water quality and water quality components were chosen to reflect the 
topical emphasis of scientific study in each of those disciplines; 4) species that have been 
specifically identified as ecosystem indicators (via peer reviewed publications) were considered 
whenever possible.  

This set of principles provided criteria that allowed a systematic approach to selection of 
components to include in this analysis. However, it did result in some noteworthy exclusions. 
For example, the status and trends of invasive species (e.g., Spartina, Ciona) are not reported. 
Analysis of zooplankton community composition and trends is limited by the paucity of data. 
Ocean acidification, a growing concern with potentially substantial impacts on shellfish 
aquaculture and natural communities, is not treated here. These and other omissions are not 
intended to imply that these are not important issues or components of the Puget Sound 
ecosystem, and we anticipate that the next iteration of the Puget Sound Science update can 
consider a broader range of metrics.  

The ecosystem components treated in this chapter clearly emphasize marine and freshwater 
elements of the Puget Sound Watershed. This emphasis reflects the historical focus of the Puget 
Sound Science Update and the specific expertise of the lead authors. Even so, we selected 
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terrestrial topics that have some linkage to aquatic portions of the watershed. We anticipate that 
future iterations of the Puget Sound Science Update will take a broader view and include many 
more terrestrial topics than we could incorporate in the present document.  

There is a growing need for ecosystem assessments to guide ecosystem-based management. 
While the present evaluation might be considered a contribution to such an assessment, it is not 
an ecosystem assessment per se. Instead, it is an assessment of several ecosystem components. A 
full ecosystem assessment would also include a conceptual framework that links biological, 
physical and chemical processes and reports on key drivers and responses of each. Moreover, a 
quantitative synthesis of status and trends across all ecological and policy-relevant attributes of 
Puget Sound will provide a substantial advance.  

Throughout, we aimed to vet available information to include only those results and conclusions 
that had undergone prior review. We recognized in advance that maintaining a requirement of 
peer-reviewed publication in scientific journals would be inappropriate: much of the scientific 
work on Puget Sound derives from long term monitoring that is not published in such journals. 
We therefore considered agency documents that were part of research reporting series to be 
sufficiently reviewed to be included in this chapter. This process revealed considerable 
differences among local agencies in the transparency of review processes for reports. There is a 
need for consistent standards and reporting practices among these agencies to permit an 
assessment of the thoroughness of reviews. We generally avoided citing previous iterations of 
the Puget Sound Science update as primary sources, because the nature and extent of review of 
components of those documents is also not clear. In some cases, monitoring data were used 
directly provided that the procedures used in collecting them had been reviewed and published.  

Given these constraints, this chapter is not intended to be the final word on indicators for 
evaluating the status of Puget Sound. Indeed, Chapter 1 of the 2010 Puget Sound Science Update 
provides a substantial advance in improving the capacity to select ecologically meaningful 
indicators. Future versions of the Puget Sound Science Update will clearly benefit from the 
foundation that the present effort provides.  

This chapter is organized primarily along the four Puget Sound Partnership goals, with separate 
sections for each ecosystem component. Within each summary, we provide background and 
rationale for inclusion in the Chapter, a brief treatment of threats and drivers to give the needed 
context. More thorough treatment of threats and drivers is provided in Chapter 3. We include in 
each section a synthesis of key data gaps and uncertainties. In some cases the uncertainties are 
scientific: uncertainties that can be resolved through additional scientific study. In other cases the 
uncertainties reflect emerging concepts, hypotheses and explanations that have not yet been 
vetted through a formal review process.  
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Species and Food Webs 
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1. Bivalves 
Background  

Molluscs in the Class Bivalvia feed on phytoplankton and detrital particles suspended in the 
water column, serving as a key trophic link between microscopic primary producers and higher 
consumers. Epibenthic bivalves can function as ecosystem engineers through the provision of 
hard substrate and three-dimensional biogenic structure, while infaunal bivalves can function as 
engineers through physical alteration of soft substrate habitats. Numerous native and non-native 
species of bivalves occur in Puget Sound, including important aquaculture species such as 
Pacific oysters (Crassostrea gigas), non-native invasive species such as the purple varnish clam 
(Nutallia obscurata), and species targeted in recreational fisheries (e.g., native littleneck clams 
and non-native Manila clams). The native geoduck clam, Panopea generosa, is valued as a 
commercially-fished species and as an aquaculture species. The native Olympia oyster, Ostrea 
lurida(also known as Ostreola conchaphila) currently is a restoration target in Puget Sound, 
having been depleted through human activities in the last century.  

Geoduck clams  

Geoducks are large Hiatellid clams distributed from Alaska to California. They can grow to shell 
lengths of 20 cm (Bureau et al. 2002), and are characterized by large fleshy siphons that can 
reach lengths of 1m. Geoducks are broadcast spawners with larval periods of 16 - 47 days 
(Goodwin and Pease 1989). After settlement, they exhibit limited mobility for 2-4 weeks, then 
burrow into the sand and begin feeding. Individuals are thought to reach maximum size within 
the first 10 years of life (Goodwin and Pease 1989), and can live for up to 168 years. Their 
longevity could render them particularly susceptible to over-exploitation (Orensanz et al. 2004).  

In Puget Sound, geoducks occur primarily in low intertidal and subtidal habitats and are most 
abundant at depths of up to 20m, although observations of deeper individuals have been reported 
(Goodwin and Pease 1989). Found primarily in soft sediments consisting of sand and sand-mud, 
geoducks are contagiously distributed throughout the major basins of Puget Sound (Goodwin and 
Pease 1990). In a survey of 8,589 SCUBA transects, Goodwin and Pease (1990) found that 
geoduck abundance ranged from densities of 0 to 22.5 individuals/m2, with an average density of 
1.7 individuals/m2. They found the highest densities in southern Puget Sound and in Hood Canal 
(Goodwin and Pease 1990).  

Recreational and commercial fisheries for geoduck exist in Puget Sound. The recreational fishery 
typically occurs in intertidal habitats, while the commercial fishery occurs in subtidal habitats in 
areas leased from the State of Washington. Because the fishery is prosecuted in leased tracts, it is 
jointly managed by the Washington State Department of Natural Resources (WDNR) and the 
Washington Department of Fish and Game (WDFW). The current target for the commercial 
fishery in Puget Sound is 2.7% of the exploitable biomass based on a static value of 40% of the 
Maximum Sustainable Yield (MSY) (Bradbury et al. 2000). Recruitment of geoducks appears to 
be highly variable and driven by climatic forcing (Orensanz et al. 2004, Valero et al. 2004). 
Based on the combination of highly variable recruitment and long life span, Orensanz et al. 
(2004) caution that static exploitation targets may not be appropriate for this species. Geoduck 
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abundance in Puget Sound is augmented through aquaculture, the ecological effects of which are 
not well understood (Feldmann et al. 2004, Straus et al. 2008).  

Olympia oyster  

As ecosystem engineers, oysters play an important role in the populations, communities and food 
webs where they occur (reviewed in Ruesink et al. 2005). Oyster beds provide structure and 
biogenic habitat for a suite of other invertebrates and fish (e.g., Lenihan et al. 2001). They also 
modify the physical and chemical properties of ambient water through feeding and excretion, 
maintaining high water clarity and conditions beneficial to macrophytes (Jackson et al. 2001, 
Ruesink et al. 2005).  

The native Olympia oyster occurs from Alaska to Baja California, Mexico (Polson and Zacherl 
2009). The size of the particles or phytoplankton ingested by oysters is determined by the size of 
their gills. Olympia oysters have larger gills and thus likely ingest larger particles than the 
common non-native Pacific oyster Crassostrea gigas (Couch and Hassler 1989). Olympia 
oysters are preyed upon by birds such as sea ducks and by crabs (Couch and Hassler 1989). They 
are relatively small, rarely reaching sizes greater than 5 cm, and have slow growth rates, 
typically reaching maturity after 4 years (Baker 1995, White et al. 2009b). Unlike many bivalves, 
fertilization is internal and larvae brood for 10-12 days within the mantle of females before 
spending 11-16 days as planktonic larvae (Dethier 2006). Olympia oyster spat have fairly narrow 
requirements for settlement, preferring hard, rugose substrates such as adult oyster shells 
(Trimble et al. 2009, White et al. 2009b). Beds of Olympia oysters are typically subtidal and 
individuals are known to be sensitive to extremes in temperature and desiccation stress (e.g., 
Baker 1995).  

Status and Trends  
Geoduck  

Geoduck abundances for individual tracts throughout Puget Sound are estimated based on diver 
surveys conducted by WDFW according the methods described in Bradbury et al. (2000) and are 
posted online as part of the Geoduck Atlas , but abundances at the basin or sound-wide scales 
have not been summarized or published. Similarly, published fishery-independent population 
abundance data on trends in geoduck abundances are lacking.  

Olympia Oyster  

Olympia oysters in Washington state have been heavily exploited (Kirby 2004) and currently 
exist at abundances far lower than were reported historically (White et al. 2009a) (Figure 1). In 
Puget Sound, abundance was greatly reduced in the early 1900s despite the implementation of 
reserves throughout the Sound. Industrial pollution from paper mills is thought is thought to have 
contributed to the lack of effectiveness of the reserves (White et al. 2009a). The continued lack 
of population recovery is thought to be driven by a combination of limitations in the amount of 
preferred settlement substrate (adult conspecifics), competition with non-native oysters, and 
predation from introduced predators such as the Japanese drill Ocinebrina inornata (Buhle and 
Ruesink 2009, Trimble et al. 2009, White et al. 2009b). Their sensitivity to environmental 
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extremes further restricts the habitats they can occupy (Trimble et al. 2009). Because of their low 
abundance, Olympia oysters currently are listed as a Washington State Candidate Species by 
WDFW . A number of projects for restoration of Olympia oyster populations have been initiated 
in Puget Sound (e.g., Brumbaugh and Coen 2009, Dinnel et al. 2009, White et al. 2009b).  

 

Figure 1. Olympia oyster harvest (1 sack is equal to approximately 4,000 individuals) in Willapa 
Bay (filled circles) and Puget Sound (open circles) from the mid 19th to mid 20th century based 
on Washington Marine Fish and Shellfish Landings (figure from White et al. 2009) (reprinted 
with permission from the Journal of Shellfish Research).  

UNcertainties  

There are several aspects of the current understanding of geoduck and Olympia oyster 
populations that are lacking. Geoduck tracts are surveyed frequently by WDFW yet estimates of 
basin and Sound-wide population status or trends have not been conducted. As such, spatial and 
temporal trends in geoduck abundances are not known for Puget Sound. Further, while 
cultivation of geoducks augments population abundances, the ecological effects of geoduck 
aquaculture practices in Puget Sound are not well understood (Feldmann et al. 2004, Straus et al. 
2008). The sensitivity of Olympia oyster populations to abiotic stress and to predation from non-
native predators pose challenges to the undertaking of restoring them to their former abundances 
and such the outcome of such efforts remains uncertain.  
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Summary  

Native bivalves are essential components of the Puget Sound ecosystem. Geoduck clams are 
extremely long-lived, rendering them potentially susceptible to overexploitation. While geoduck 
abundance is estimated at small scales (tracts), published accounts of Sound-wide estimates of 
population status and trends are lacking. Abundances of Olympia oysters have been very low in 
Puget Sound since the 1940s, despite the fact that they are no longer targeted by fisheries. The 
importance of native oysters to ecosystems has prompted restoration efforts throughout Puget 
Sound.  
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Pinto abalone 
Background  

Pinto abalone (Haliotis kamtschatkana) were once widely distributed throughout the waters of 
British Columbia and Washington state. In recent decades, populations have undergone sharp 
declines, likely in response to the combined stressors of overharvest, poaching, and sub-optimal 
environmental conditions (Campell 2000). Known for their large, muscular foot and their 
pearlescent oval shell, pinto abalone are slow-growing, long-lived marine snails and are typically 
found in nearshore rocky habitats in semi-exposed or exposed coastal regions. More than 60 
abalone species are found worldwide but the pinto, or northern, abalone is the only species found 
in Washington State, where they range from Admiralty Inlet to the San Juan Islands and the 
Strait of Juan de Fuca and are typically found at depths to about 20 m (Bouma 2007).  

Abalone are important herbivores in nearshore habitats, feeding primarily on drift macroalgae 
such as kelp and benthic diatom films. They can structure subtidal communities through the 
maintenance of substrata dominated by crustose coralline algae and through the facilitation of 
conspecific settlement. The larvae are planktonic and settle after approximately 7 -10 days in 
response to cues from both crustose coralline algae and from adults. Juvenile pinto abalone are 
cryptic until they reach a shell length of >50 mm.  

Abalone are broadcast spawners. Consequently, the number and proximity of spawning adults 
determines the likelihood of successful fertilization (e.g., Babcock and Keesing 1999, Miner et al. 
2006). At low population numbers, fertilization success may be low or nil, potentially limiting 
population recovery from overharvesting (Rothaus et al. 2008).  

Status  

The Washington Department of Fish and Wildlife (WDFW) regularly monitors the abundance of 
pinto abalone at 10 index stations throughout the San Juan Archipelago (Rothaus et al. 2008) 
(Figure 1). Because pinto abalone are highly patchy, cryptic and frequently associate with 
microhabitats such as rock crevices or patches of coralline algae that may themselves be patchily 
distributed, total abundances are not measured (Rothaus et al. 2008). Rather, repeated surveys at 
a system of index sites are conducted so that temporal trends in abalone abundance may be 
detected. The WDFW sites are composed mostly of bedrock and boulders encrusted with 
coralline algae, and support assemblages of kelp and other macroalgae (Rothaus et al. 2008). The 
sites range in size from 135 m2 to 380 m2, and individual animals are counted and measured 
during each survey.  

Data from surveys made in 2006 showed an overall mean abalone density of 0.04 m-2 (Rothaus 
et al. 2008), which is well below the minimum densities for successful reproduction (0.15 
individuals m-2 ) and recruitment (1 individual m-2 ) reported respectively by Babcock and 
Keesing (1999) and by Miner et al. (2006) for congeners of the pinto abalone.  
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Figure 1. Map of WDFW Haliotis kamtschatkana index stations established in 1992 in the San 
Juan Archipelago, Washington State (Figure produced by WDFW and used with permission, 
methods according to Rothaus et al. 2008).  

Trends  

The decline of pinto abalone in Washington State has been of concern since the early 1990s 
(Rothaus et al. 2008). While commercial harvest of abalone has never been permitted in the state, 
the sport fishery may have extracted as many as 38, 200 individuals per year in the San Juan 
Archipelago (Bargmann 1984). It is therefore possible that abalone densities may have already 
been too low for successful fertilization or recruitment at the time of the sport fishery closure in 
1994. WDFW listed the pinto abalone as a candidate species for protection in 1998 and NOAA 
Fisheries listed it as a federal species of concern in 2004. In 2008, WDFW identified pinto 
abalone as a Species of Greatest Conservation Need. In British Columbia, Canada, pinto abalone 
were uplisted to endangered in 2009, where populations are generally found at higher densities 
than Washington stocks (COSEWIC 2009).  

The WDFW index site surveys in the San Juan Archipelago were repeated in 1994, 1996, 2003, 
2004, 2005, 2006 and 2009. These surveys indicate a decline in abalone abundance of 83% from 



April 2011 Puget Sound Science Update  Page 217  Puget Sound Partnership 

1992 to 2009 (WDFW)(methods according to Rothaus et al. 2008)( Figure 2). Rothaus et al. 
(2008) also found an increase in mean shell length of 10.4 mm between 1992 and 2006, 
indicating a substantial shift in the size distribution of abalone populations, a pattern also present 
in the most recent survey in 2009(WDFW)(methods according to Rothaus et al. 2008)(Figure 3). 
This signifies a shift in abalone population age structure from younger to older animals, 
indicative of repeated recruitment failure (Rothaus et al. 2008). Recruitment failure following 
substantial declines in abalone density have been demonstrated elsewhere, for example in British 
Columbia, Canada (Tomascik and Holmes 2003) and in California (e.g., Miner et al. 2006). In 
Washington, the observed increases in mean shell length oppose the notion that the observed 
populations declines are a result of continued illegal harvest, because poaching is likely to result 
in a shift in length frequency toward smaller individuals (Rothaus et al. 2008). Pinto abalone 
populations may be unlikely to recover without intervention (Rothaus et al. 2008). Since 2004, a 
program of hatchery-based rearing and outplanting aimed at restoring abalone populations in 
Washington State has been led by the Puget Sound Restoration Fund (PSRF) and several local 
partners. In the summer of 2009, nearly 2,000 abalone were outplanted near Anacortes and Port 
Angeles, Washington.  

 

Figure 2. Pinto abalone abundance in the San Juan archipelago. Trends in abundance at 10 index 
stations from 1992 to 2009 (Figure produced by WDFW from unpublished data used with 
permission; methods according to Rothaus et al. 2008).  
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Figure 3. Pinto abalone shell length frequency in the San Juan archipelago. Trends in shell length 
from 10 index sites from 1992 to 2009 (Figure produced by WDFW from unpublished data used 
with permission; methods according to Rothaus et al. 2008).  

Uncertainties  

Many aspects of abalone biology and ecology are not well understood yet may be important in 
explaining both the decline and the recovery potential for pinto abalone in the Puget Sound 
region. While recreational fisheries likely played a role in the decline of pinto abalone in the San 
Juan Islands, the relative importance of harvesting and other factors is not known. While 
predation, habitat preferences, food availability and abiotic conditions will all likely affect the 
success of restoration efforts, the extent to which each of these factors may limit abalone 
populations is not well understood.  

Summary  

Pinto abalone are in severe decline in Puget Sound waters and are presently at densities where 
they may not be self-sustaining. Monitoring at index stations in the San Juan Islands showed an 
83% decrease in abundance since 1992 despite their listing as federal species of concern, state 
candidate species, and the cessation of recreational harvest in 1994. Shell length surveys reveal 
that the population of pinto abalone in the San Juan Islands is aging without replacement 
although the direct causes of this recruitment failure warrant continued investigation. The long-
term success of current hatchery-based rearing and outplanting programs is unknown at this time 
as efforts were recently initiated over the last five years.  



April 2011 Puget Sound Science Update  Page 219  Puget Sound Partnership 

Literature Cited  

Babcock, R., and J. Keesing. 1999. Fertilization biology of the abalone Haliotis laevigata: 
laboratory and field studies. Canadian Journal of Fisheries and Aquatic Sciences 56:1668-1678.  

Bargmann, G. G. 1984. Recreational diving in the State of Washington and the associated 
harvest of food fish and shellfish. State of Washington, Dept. of Fisheries, Marine Fish Program, 
Olympia, WA.  

Bouma, J. V. 2007. Early life history dynamics of pinto abalone (Haliotis kamtschatkana) and 
implications for recovery in the San Juan archipelago, Washington State. Thesis (M S ). School 
of Aquatic and Fisheries Science, University of Washington, Seattle, WA.  

Campell, A. E. 2000. Workshop on rebuilding abalone stocks in British Columbia. Pages 173-
185 in Can. Spec. Publ. Fish. Aquat. Sci. .  

COSEWIC. 2009. COSEWIC assessment and update status report on the Northern Abalone 
Haliotis kamtschatkana in Canada. Committee on the Status of Endangered Wildlife in Canada, 
Ottawa, CAN.  

Miner, C. M., J. M. Altstatt, P. T. Raimondi, and T. E. Minchinton. 2006. Recruitment failure 
and shifts in community structure following mass mortality limit recovery prospects of black 
abalone. Marine Ecology-Progress Series 327:107-117.  

Rothaus, D. P., B. Vadopalas, and C. S. Friedman. 2008. Precipitous declines in pinto abalone 
(Haliotis kamtschatkana kamtschatkana) abundance in the San Juan Archipelago, Washington, 
USA, despite statewide fishery closure. Canadian Journal of Fisheries and Aquatic Sciences 
65:2703(2709).  

 
 



April 2011 Puget Sound Science Update  Page 220  Puget Sound Partnership 

Dungeness Crabs 
Background  

Dungeness crabs (Cancer magister) occur throughout Washington waters, including the outer 
coast (mostly in coastal estuaries) and inland waters. Dungeness crabs use different habitats 
throughout their life cycle: as larvae they are planktonic, as juveniles they are found in intertidal 
mixed sand or gravel areas with algae or eelgrass (Holsman et al. 2006) and as adults they are 
found in subtidal or intertidal areas on sand, mud, or associated with eelgrass beds. Bare habitats 
are infrequently used by juveniles, most likely due to a lack of refuge from predation and 
decreased food abundance (McMillan et al. 1995). Vegetated, intertidal estuaries appear to be 
important nursery habitats for young crabs (Stevens and Armstrong 1984); older crabs have been 
shown to move progressively into unvegetated subtidal channels (Dinnel et al. 1986, Dethier 
2006).  

Annual settlement and survival of Dungeness crabs are typically variable. This variation stems 
from biotic factors such as predation and food availability, as well as abiotic factors such as 
water temperature and currents that transport larvae away from or toward nearshore areas. 
However, recruitment variability of Puget Sound populations is less than that seen in coastal 
populations (McMillan et al. 1995, Dethier 2006). There is evidence for local retention of 
Dungeness crab larvae within Puget Sound with a smaller proportion of recruits originating from 
coastal or oceanic stocks although this ratio is likely to vary from year to year (Dinnel et al. 1993, 
McMillan et al. 1995). Furthermore, the degree to which larvae originating in Puget Sound are 
transported through oceanic water before re-entering the sound is not well understood (Dethier 
2006).  

As predators and scavengers, Dungeness crabs feed upon a broad range of prey including small 
mollusks, crustaceans, clams, and fishes. They also prey for a wide variety of taxa, which varies 
with their life history stage. Larvae are preyed upon by coho and Chinook salmon and rockfishes; 
juveniles by a wide variety of fishes; and adults by fishes, seals, octopuses, and each other 
(generally when molting) (Orcutt et al. 1976, Reilly 1983, Dethier 2006).  

Threats to Dungeness crabs include: low dissolved oxygen, variation in temperature and salinity, 
fisheries, habitat alteration or loss, and pollutants such as insecticides, hydrocarbons from oil 
spills and heavy metals. Because juvenile crabs rely on estuarine habitats and are also potentially 
more sensitive to toxins, early life history stages are likely to be more influenced by human 
activities (Dethier 2006).  

StaTus  

Due to their dependence on estuaries as juveniles, their value as recreational, commercial and 
tribal resources and their vulnerability to a suite of human impacts, Dungeness crab are included 
in the Washington Department of Fish and Wildlife (WDFW) Priority Habitats and Species List 
(Fisher and Velasquez 2008). However, there is currently no monitoring of Dungeness crab 
populations in Puget Sound that enable a reconstruction of population trends, status and 
sustainable harvest rates. Instead, time series of landings are used to gauge trends in population 
size over time. Commercial harvest quotas and recreational harvest season duration are 
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determined from pre-season surveys that assess the relative abundance of mature females. The 
fishery is a male-only fishery, with a 6.25" (15.875 cm) carapace width minimum size. It is 
difficult to know whether temporally stable harvest rates represent stable population sizes or 
reflect changes in harvest effort or regulations (de Mutsert et al. 2008) Indeed, the increases in 
recreational landings may reflect increased fishing effort from a growing human population.  

The current recommendations for Dungeness crab management in Puget Sound by WDFW 
include the reduction of habitat degradation by development, reduction in pollutants, and the 
reduction of impacts of fisheries (Fisher and Velasquez 2008)  

Trends  

Landings of Dungeness crab in Puget Sound have been highly variable, peaking at more than two 
million pounds in the late 1970s, declining in the 1980s, and rising again from the 1990s to 2005 
(Dethier 2006). From 1995 to 2005, the biomass of Dungeness crab harvested annually by 
commercial, recreational, and tribal groups has shown an increase from six million pounds per 
season to approximately eight million pounds per season (Figure 1)(WDFW catch data, reported 
in Dethier 2006, PSP 2007) Increases in landings can reflect either an increase in fishing pressure 
or an increase in the abundance of the resource.  

 

Figure 1. Dungeness crab harvest (commercial, recreational and tribal) landings from 1995 to 
2005. (WDFW catch data, reported in Dethier 2006, PSP 2007) 
http://wdfw.wa.gov/fish/shelfish/crab/historic.htm).  
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Uncertainties  

Because fisheries landings can be influenced by variables such as fishing effort that do not 
necessarily reflect crab population abundances, trends in landings data are not considered a 
reliable indicator of population status (de Mutsert et al. 2008). WDFW has estimated Dungeness 
crab abundance using a closed ring pot survey from 1999 to the present, however data from this 
survey have not been published.  

Summary  

Like many marine species with complex life histories, Dungeness crabs occupy different 
ecological niches throughout their life cycle and in therefore rely on multiple intact habitats. The 
associations between crabs and estuarine habitats, particularly nearshore habitats for juveniles 
may link habitat abundance and condition to the long-term health of Puget Sound Dungeness 
crabs. While landings data provide some information about the status of the fishery, they are not 
a reliable way to estimate natural population levels or trends.  
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Jellyfish  
Background  

The term jellyfish is taxonomically broad, referring to gelatinous plankton in the phyla 
Ctenophora (comb jellies) and Cnidaria (all other jellyfish). While jellyfish have been 
components of pristine marine ecosystems for millennia, recent worldwide increases in the 
abundance of some jellyfish have been associated with anthropogenic perturbations such as 
eutrophication (Arai 2001), overfishing (Lynam et al. 2006), climate warming (Mills 2001, 
Lynam et al. 2004, Purcell 2005), and coastal development (Richardson et al. 2009). Because 
many jellyfish have a complex life history that includes free-living sexual and asexual phases, 
populations can increase rapidly when environmental conditions change to favor them.  

Jellyfish blooms can disrupt human activities such as fishing, recreational beach use, and power 
plant operations (Purcell et al. 2007, Richardson et al. 2009). Moreover, jellyfish blooms can 
substantially alter food webs (e.g., Ruzicka et al. 2007, Pauly et al. 2009) by decreasing energy 
flow to higher trophic levels (Richardson et al. 2009) and by altering community composition of 
lower trophic levels through selective feeding (Purcell et al. 2007). Notably, the high degree of 
diet overlap between jellyfish and forage fish such as herring (Purcell and Arai 2001, Brodeur et 
al. 2008) is thought to be a driver of observed increases in jellyfish abundances in systems where 
forage fish are removed (Lynam et al. 2006). After such removals, fish recovery can be impeded 
by jellyfish predation on eggs and juvenile phases of their fish competitors (Purcell and Arai 
2001), effectively preventing the reestablishment of fish populations (Lynam et al. 2006). Chum 
salmon (Oncorhynchus keta) are one of the few reported predators of jellyfish that occur in Puget 
Sound (Purcell and Arai 2001, Rice 2007)  

Status  

Data pertaining to jellyfish abundance in Puget Sound are scarce, but information is growing 
(Rice 2007, Reum et al. 2010). Biomass estimates determined from surface-towed trawl surveys 
conducted at 52 sites in Puget Sound in 2003 revealed relative abundances of jellyfish as high as 
80% to 90% of the total trawl biomass at multiple sites in both the South Sound and in the Main 
Basin (Rice 2007)(Figure 1). By contrast, the observed relative abundances in the more northern 
regions of the Whidbey Basin and Rosario Strait were generally much lower (Figure 1). 
Importantly, when basin-wide data were considered, Rice (2007) noted an apparent inverse 
relationship between fish and jellyfish biomass. The jellyfish species observed were the 
Scyphomedusae Cyanea capillata, Phacellophora camschatica, Aurelia sp., the Hydromedusa 
Aequorea sp., and the Ctenophore Pleurobrachia bachei (Rice 2007). In June and September of 
2007, Reum et al. (2010) conducted a more taxonomically-detailed study using bottom trawls in 
the northern and southern portions of Hood Canal (Hazel Point and Hoodsport, respectively) and 
in the Whidbey Basin (Useless Bay and Possession Sound). The species they reported were 
Phacellophora camtschatica, Cyanea capillata, Aurelia labiata and Aequorea victoria. While 
the abundances of jellyfish were both temporally and spatially variable, Reum et al. (2010) found 
that abundances were generally highest in June and at the southern portion of the Hood Canal 
mainstem near Hoodsport (Figure 2).  
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Figure 1. Percentage fish (blue area) and jelly (yellow area) in the total biomass (black bars) for 
sites within each region. Each bar is the sum of the four monthly means from May to August for 
each site. Reprinted with permission from Rice (2007).  
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Figure 2. Biomass and numerical abundance densities sampled in June and September at four 
locations in Puget Sound, WA. Note that the y-axis for biomass and numerical abundances are 
scaled differently between June and September to better visualize variation in species 
composition. Error bars indicate standard deviation. Reprinted with permission from Northwest 
Science (Reum et al. 2010).  

Trends  

At this time it is not possible to determine temporal trends in jellyfish abundance in Puget Sound 
because existing data were collected using different methods and at different locations.  

Uncertainties  

The biology and ecology of most jellyfish are poorly known. In particular, knowledge of the 
asexually reproducing benthic polyp phase is limited (Boero et al. 2008). While it is clear from 
the limited available data that jellyfish are present in Puget Sound and that the likely causes of 
jellyfish outbursts (e.g., eutrophication, climate warming, coastal development and fishing 
pressure) also occur in Puget Sound to varying degrees, whether these factors are leading to 
increased jellyfish abundances has not been investigated. Because jellyfish have few predators, 
there is a high potential for them to disrupt food webs by displacing forage fish and other mid-
trophic consumers, which could cause dramatic changes to the Puget Sound ecosystem. Indeed, a 
recent analysis of food webs in other temperate marine systems conducted by Samhouri et al. 
(2009) found that jellyfish were strongly correlated with multiple important ecosystem attributes, 
particularly those pertaining to trophic energy transfer.  
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Summary  

While the direct mechanisms responsible for increases in jellyfish abundance in other marine 
systems are still being elucidated (Mills 2001, Purcell et al. 2007, Boero et al. 2008, Richardson 
et al. 2009), there appear to be associations between anthropogenically-perturbed systems and 
increased jellyfish abundance. The existing data are not sufficient to assess temporal patterns of 
jellyfish abundance in Puget Sound. Improved monitoring of spatial and temporal variability in 
jellyfish abundance as well as variation likely abiotic drivers would help to elucidate the causes 
and potential consequences of changing jellyfish abundance.  
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Forage Fishes 
Background  

Forage fishes are small schooling fishes that form a critical link in the marine food web between 
zooplankton and larger fish and wildlife consumers. They occupy every marine and estuarine 
nearshore habitat in Washington, and much of the intertidal and shallow subtidal areas of the 
Puget Sound Basin are used by these species for spawning habitat. Status of forage fish 
populations can be an indicator of the health and productivity of nearshore systems (PSP 2009). 
Information on forage fish life history, distribution, and habitat preferences is summarized in 
Marine Forage Fishes of Puget Sound (Penttila 2007) and the Forage Fish Management Plan 
(Bargmann 1998).  

The three most common forage fish species in the Puget Sound basin are Pacific herring (Clupea 
pallasi), surf smelt (Hypomesus pretiosus), and Pacific sand lance (Ammodytes hexapterus), and 
are therefore the focus of this section.  

Pacific Herring  

Pacific herring are a pelagic fish species found from northern Baja California to northern Honshu 
Island, Japan. They are found throughout the Puget Sound basin and are a mix of “resident” and 
“migratory” stocks (Gao et al. 2001, Penttila 2007, Stick and Lindquist 2009). Migratory 
populations cycle between the winter spawning grounds in the inside waters and the mouth of the 
Strait of Juan de Fuca in the summer, while resident stocks reside in the inside waters year-round 
(Penttila 2007). The faster individual growth rates observed in some herring populations are 
thought to be the result of fish leaving Puget Sound to feed in more productive oceanic waters 
and thus help to differentiate between migratory and resident stocks. For example, the Squaxin 
Pass herring population has a slower growth rate and is classified as “resident” while the Cherry 
Point population has a faster growth rate and is classified as “migratory” (Stick and Lindquist 
2009).  

Herring spawning occurs between January and April, with the majority of spawning taking place 
in February and March. Herring become ready to spawn over a two-month period by moving 
from deep water into shallow nearshore areas. The large natural and decadal oscillations in 
herring stock abundance are reflected in the area of spawning used annually. Most spawning 
areas appear to have “outlier” areas, used only during periods of high stock abundance, and “core” 
areas, used during periods of low stock abundance (Penttila 2007). Herring spawn on benthic 
marine macro-vegetation such as eelgrass or red macroalgae in the shallow subtidal and low 
intertidal region. Herring spawn preferentially in sheltered bays as opposed to vegetation beds on 
adjacent open shorelines (Stick and Lindquist 2009)(Figure 1).  
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Figure 1. Documented Pacific herring spawning areas in Puget Sound (reprinted from Stick and 
Lindquist 2009 with permission from Washington Department of Fish and Wildlife).  

Within the Puget Sound basin, autonomous stocks of herring are defined as having 
geographically distinct spawning areas and seasons. Two herring populations are deemed 
genetically distinct from other Puget Sound: the Cherry Point population which is distinctive for 
its late spawn timing (Small et al. 2005, Beacham et al. 2008, PSP 2008) and the Squaxin Pass 
population (Stick and Lindquist 2009)(Figure 1), which is thought to be spatially isolated from 
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other populations (Small et al. 2005). Other sampled herring stocks show no evidence of genetic 
distinction (Small et al. 2005, Beacham et al. 2008), suggesting that these stocks may be part of a 
metapopulation where sufficient gene flow reduces genetic divergence (Stick and Lindquist 
2009). If Puget Sound herring stocks act as a metapopulation, it may be more relevant to 
examine abundance trends on a larger scale than individual stock level, with Cherry Point and 
Squaxin Pass being the exceptions (Stick and Lindquist 2009).  

Surf Smelt  

Surf smelt are a nearshore species found from Long Beach, California to Chignik Lagoon, 
Alaska. They occur throughout the marine waters of Washington and in the southernmost region 
of Puget Sound. For the duration of their lifespan, surf smelt appear to inhabit shallow nearshore 
zones in the general area of their spawning (Penttila 2007).  

Surf smelt spawning habitat is distributed throughout the Puget Sound basin and over a broad 
variety of conditions (e.g., variable salinity or shading). Spawning areas are usually occupied 
during summer (May-August), fall-winter (September-March), or year-round (monthly spawning 
with a seasonal peak)(Bargmann 1998, Penttila 2007). Spawning beaches are used on an annual 
basis, and as with Pacific herring, surf smelt have been shown to utilize “outlier” spawning sites 
during periods of high stock abundance (Penttila 2007).  

Surf smelt use predictable shoreline areas for spawning across seasons; all spawning beaches 
first mapped by the Washington Department of Fish and Wildlife (WDFW) in the 1930s are still 
used by surf smelt. The critical habitat elements for spawning are substrate and tidal elevation. 
Surf smelt spawn in the uppermost one-third of the tidal range and most beaches appear suitable 
for surf smelt spawning habitat ranging from sheltered beaches to fully-exposed pebble beaches 
(Penttila 2007). Due to the diffuse nature of surf smelt spawning habitat there are no obvious 
grounds for stock definition in geographical terms.  

Pacific Sand Lance  

The Pacific sand lance occurs throughout the coastal northern Pacific Ocean from the Sea of 
Japan to southern California, and is widespread within the nearshore marine waters of 
Washington, including the entire Puget Sound basin. Sand lances inhabit nearshore waters and 
spawn between November and February. Sites and spawning habitats of sand lance are similar to 
that of surf smelt: upper intertidal sand and gravel beaches. Sand lance spawning often takes 
place on beaches at the distal ends of drift-cells, where accretionary shoreforms tend to occur. 
Because sand lance and surf smelt deposit eggs in the upper intertidal, they are particularly 
vulnerable to shoreline habitat modifications (Bargmann 1998).  

Status  

Of the forage fishes reviewed in this document, only Pacific herring populations have been 
monitored with sufficient detail to permit status evaluation. Surf smelt and sand lance 
populations are generally not considered threatened or endangered yet their abundances are 
currently unknown (Penttila 2007, PSP 2007).  
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Because of the dependence of forage fish on specific macro-vegetation for spawning, both 
environmental conditions and human activity (e.g., nearshore development) are likely to affect 
forage fish spawning biomass (Penttila 2007, Stick and Lindquist 2009). For this and other 
reasons (e.g., the difficulty in sampling adult populations), regulations have focused on 
managing forage fish spawning habitat. The Washington Administrative Code (WAC) (220-110), 
state Growth Management Act (GMA), and WDFW Priority Habitats and Species Program (PHS) 
all identify forage fish habitat as priority conservation “critical areas” or “areas of concern” for 
forage fish management (Penttila 2007).  

Pacific Herring  

There are 19 different stocks of Pacific herring in Puget Sound, based on timing and location of 
spawning activity (Bargmann 1998, PSP 2007). For 2007-2008, less than half of Puget Sound 
herring stocks were classified as healthy or moderately healthy (Stick and Lindquist 2009)(Table 
1). This is similar to the status breakdown for the previous two-year periods (2003-04, 2005-06). 
The combined spawning biomass for all Puget Sound, excluding Cherry Point, is considered 
moderately healthy compared to the previous 25-year mean (11,656 tons for 2007-08 compared 
with 16,263 tons for 25-year mean). The abundance of south and central Puget Sound herring 
stocks, excluding Squaxin Pass (which is considered healthy at this time), are considered 
moderately healthy for 2007-08 (Stick and Lindquist 2009)(Table 1). The cumulative north 
Puget Sound regional spawning biomasses are considered depressed. Cherry Point continues to 
be considered critical; spawning biomass decreased during 2007 and 2008. Fidalgo Bay has also 
declined significantly since 1999 (Stick and Lindquist 2009)(Table 1). The Strait of Juan de Fuca 
regional status has generally been classified as critical, primarily due to Discovery Bay and 
Dungeness/Sequim Bay stocks suffering serious declines in biomass in recent years (Table 1) 
(Penttila 2007, PSP 2007, Stick and Lindquist 2009).  

Table 1. Puget Sound herring stock status based on previous 2-year mean abundance compared 
to previous 25-year mean abundance (from Stick and Lindquist 2009).  
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Trends  

Pacific Herring  

The cumulative spawning biomass of all Puget Sound herring stocks, except the Cherry Point 
stock, has fluctuated between about 10,000 to 16,000 tons (PSP 2009, Stick and Lindquist 2009) 
(Figure 2). Stocks in south and central Puget Sound have exhibited a general increasing trend, 
however this may be due to increased sampling effort since 1996. If the abundance of stocks are 
assumed to be at their mean levels during years when data are not available, then the estimated 
aggregate population sizes in the south and central Puget Sound stocks are comparable to those 
from 1970s and 1980s. Stocks in northern Puget Sound, excluding the Cherry Point stock, have 
remained at a low level of abundance (PSP 2009, Stick and Lindquist 2009) (Figure 2). Similarly, 
herring spawning biomass in the Strait of Juan de Fuca region continues to be very low and with 
the exception of 2006, the Discovery Bay herring stock has decreased steadily to between 200-
250 tons annually since the mid 1990s (Stick and Lindquist 2009).  
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Figure 2. Estimated Puget Sound herring total spawning biomass by region and Cherry Point 
stock, 1976-2008 (data from Stick and Lindquist 2009, reprinted from PSP 2009).  

Puget Sound herring stock abundance is significantly affected by mortality rates, which can be 
attributed to fishing and natural mortality (Stick and Lindquist 2009) (Figure 3). The mean 
estimated annual natural mortality rate for sampled Puget Sound herring stocks (excluding 
Cherry Point) since 1990 has averaged 72%, compared with typical mortality rates of 30-40% for 
herring worldwide. The Cherry Point herring stock annual mortality rate has increased to an 
average of 68% since 1990. Fishing mortality has averaged about 4% of estimated natural 
mortality since 1997. Predation, disease, and climatic changes are all potential causes of 
increased natural mortality (Stick and Lindquist 2009).  
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Figure 3. Annual tonnage estimates of herring in Puget Sound determined by natural 
mortality/survival rates, fishery harvest, and cumulative spawning biomass from 1976-2007 
(reprinted from Stick and Lindquist 2009 with permission from Washington Department of Fish 
and Wildlife).  

Uncertainties  

Since the amount of data collected and the methods used for data collection differ across herring 
stocks and from year to year, Stick and Lindquist (2009) developed a system to evaluate the 
quality of the available information for each stock. They designated stocks which had a 
continuous time series of both acoustic-trawl and spawn deposition data as having “Good” data 
quality, stocks which had a continuous time series of only spawn deposition data as having “Fair” 
data quality, and populations for which there was an incomplete time series for either type of 
data as having “Poor” data quality. The majority of stocks assessed in this manner fell into the 
“Fair” category, with the best and most consistent data coming from Port Orchard/Madison and 
Cherry Point (Stick and Lindquist 2009)(Table 2).  
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Table 2. Puget Sound herring stock data quality determined by the amount of stock assessment 
data (evaluated in Stick and Lindquist 2009).  

South/Central Puget Sound  Data Quality  
Squaxin Pass  Fair  
Wollochet Bay  Poor  
Quartermaster Harbor  Fair  
Port Orchard/Madison  Good  
South Hood Canal  Poor  
Quilcene Bay  Fair/Poor  
Port Gamble  Fair  
Kilisut Harbor  Fair/Poor  
Port Susan  Fair  
Holmes Harbor  Fair  
Skagit Bay  Fair  
North Puget Sound     
Fidalgo Bay  Fair  
Samish/Portage Bay  Poor  
Interior San Juan Islands  Poor  
Northwest San Juan Island  Poor  
Semiahmoo Bay  Fair  
Cherry Point  Good  
Strait of Juan de Fuca     
Discovery Bay  Fair  
Dungeness/Sequim Bay  Poor  

Good: A continuous time series of acoustic-trawl data & spawn deposition data.  

Fair: A continuous time series of spawn deposition data only.  

Poor: An incomplete time series of either type of stock assessment data.  

Summary  

Because of their reliance on near-shore habitats, the continued viability of these populations 
depends on the preservation of this habitat. Pacific Herring have a complicated population 
structure based on differences in the location and timing of spawning, although only two stocks 
are deemed genetically distinct. Data on population status are most extensive for Pacific Herring 
stocks, where current status and trends are mixed. The previously large Cherry Point stock is 
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severely depressed from historical population levels. The prospect that this stock is now 
regulated by diseases has been raised and remains an active area of research. Long term 
assessment of other major species is needed to evaluate their current population levels and trends 
so that the impacts of habitat loss, fishing and climate change can be determined.  
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Bentho‐Pelagic Fish 
Background  

Bentho-pelagic fish utilize both demersal (bottom) habitats and shallower portion of the water 
column, often as part of diel migrations whereby fish feed in shallow water at night and move to 
deeper water to form schools during the day. Four currently or historically important species of 
bentho-pelagic fish in Puget Sound are the Pacific hake (Merluccius productus), the Pacific cod 
(Gadus macrocephalus), the Walleye pollock (Theragra chalcogramma) and the spiny dogfish 
(Squalus acanthias). Three of these species (Pacific hake, Pacific cod and Walleye pollock) were 
included in a petition for federal listing under the Endangered Species Act in 1999.  

Pacific hake  

Pacific hake (also known as Pacific whiting) form three spawning stocks in the Northeast Pacific: 
a coastal, highly migratory stock, a Strait of Georgia stock and a Puget Sound stock. Currently 
the two inland stocks and the coastal stock are federally recognized as Distinct Population 
Segments (DPS) based on genetic, demographic and behavioral differences (Gustafson et al. 
2000), however more recent genetic evidence suggests further subdivision between southern 
Puget Sound and Strait of Georgia populations may be warranted (Iwamoto et al. 2004). In Puget 
Sound, Pacific hake form large seasonal spawning aggregations in Port Susan which was the 
target of a substantial fishery for many years (Pedersen 1985). Spawning activity has been also 
reported in Dabob Bay (Bailey and Yen 1983). Spawning in Puget Sound is thought to occur 
primarily from February to April (Gustafson et al. 2000). Pacific hake produce pelagic eggs 
which develop into larvae that feed primarily on copepods (McFarlane and Beamish 1985). As 
juvenile and small adults, the diet of hake is primarily euphausiid crustaceans which also 
undergo diel migrations (e.g., Mackas et al. 1997). Large adults consume a wide array of prey 
including amphipods, squid, Pacific herring, crabs, shrimp and juvenile Pacific hake (McFarlane 
and Beamish 1985, Gustafson et al. 2000). Pacific hake are also important prey for a suite of 
predators; this group includes walleye Pollock, Pacific cod, rockfish, spiny dogfish and marine 
mammals such as sea lions (McFarlane and Beamish 1985, Gustafson et al. 2000). Pacific hake 
in Puget Sound are believed to reach maturity at approximately 30 cm and 4-5 years of age; they 
can live for up to 20 years and reach sizes of 73 cm. The size at maturity and average body size 
of Pacific hake Puget Sound are reported to have decreased in Pacific hake from the 1980s to 
2000 (WDFW data)(reported in Gustafson et al. 2000).  

Pacific cod  

Pacific cod occur in the Northeast Pacific occur from Alaska to California. Adult cod typically 
occupy deep habitats (50 – 300 m) and have been historically been observed forming spawning 
aggregations at multiple locations throughout Puget Sound (Palsson 1990, Gustafson et al. 2000). 
Although the review conducted by Gustafson et al. (2000) did not find conclusive evidence of 
population differentiation of North American Pacific cod, more recent otolith (Gao et al. 2005) 
and microsatellite (Cunningham et al. 2009) studies suggest that inland (Strait of Georgia and 
Puget Sound) populations are distinct from the coastal stocks. Pacific cod typically mature at 2-3 
years of age at approximately 45 cm, with an estimated maximum lifespan of 18 years. Pacific 
cod occupy different habitats throughout their life cycle. Eggs are typically found in demersal 
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habitats followed by a transition to the pelagic zone as larvae and small juveniles, settling to 
intertidal or subtidal sand or eelgrass habitats as large juveniles and moving to deep water as 
adults (reviewed by Gustafson et al. 2000). Juvenile cod feed on crustaceans such as shrimp, 
mysids and amphipods; the diet of adults is though to reflect the relative availability of prey with 
some preference for walleye pollock in large (>70 cm) adults (Gustafson et al. 2000). Pacific cod 
are preyed upon by a variety of predators including pelagic fishes, sea birds, whales, halibut, 
shark and other Pacific Cod.  

Walleye pollock  

Walleye pollock have a similar distribution to Pacific cod (from Alaska to California) and Puget 
Sound is thought to be one of the southernmost spawning locations across this range although 
this has been not well characterized (Gustafson et al. 2000). The degree of population structure 
of Pacific walleye pollock remains under investigation; earlier work using microsatellites did not 
find evidence of genetic structure (O'Reilly et al. 2004) whereas more recent work using non-
neutral alleles has found evidence for differentiation between Puget Sound and other populations 
across its geographic range (Canino et al. 2005). Adult pollock are typically found between 
waters of 100 and 300 m depth and spawn at similar depths, with a lifespan of up to 17 years and 
a maximum size of up to 100 cm. Pollock eggs and larvae are pelagic, while juveniles and adults 
feed in surface waters at night and form schools in deeper water during the day although the 
presence of predators has been shown to shift this behavior to an association with structure such 
as seagrass (Sogard and Olla 1993). Larvae feed on copepod nauplii (e.g., Canino et al. 1991) 
while juveniles primarily feed euphausiids and other crustaceans (e.g., Brodeur 1998). Adult 
walleye pollock opportunistically feed on fishes, copepods and amphipods; a recent study of fish 
diets in Puget Sound found that walleye pollock stomachs contents were primarily pelagic 
invertebrates and small mobile benthic feeders (Reum and Essington 2008). Predators of walleye 
pollock include seabirds, marine mammals and other fish including cannibalistic interactions 
(summarized in Gustafson et al. 2000).  

Spiny dogfish  

Spiny dogfish are cartilaginous fish in the subclass Elasmobranchii along with sharks, skates and 
rays and are one of the longest-lived and latest-maturing taxa within this group, with an age-at-
maturity of approximately 36 years and a lifespan of nearly 100 years (Saunders and McFarlane 
1993). This life history strategy makes them particularly susceptible to overharvesting. While not 
typically harvested for consumption, they were intensely fished in the Puget Sound region in the 
1940s for their oils, which are rich in Vitamin A. They are known to consume a variety of fish 
including cod and herring as well as crustaceans such as crabs (Jensen 1965). In the Northeast 
Pacific, a recent tagging study revealed them to be quite migratory, with some individuals 
utilizing habitats across British Columbia, the Strait of Georgia and Western Vancouver Island 
(McFarlane and King 2003).  

Status  

Pacific hake  
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As a result of declines in abundance in the Puget Sound population between the 1980s and late 
1990s, the inland DPS (Strait of Georgia and Puget Sound) of Pacific hake is currently listed as a 
Federal Species of Concern and a Washington State Candidate Species (Palsson et al. 1998, 
Gustafson et al. 2000). If the Puget Sound population becomes recognized as a single DPS, the 
level of protection may increase. Commercial and recreational fisheries for hake in Puget Sound 
were closed in 1991 (Gustafson et al. 2000). Current population levels of Pacific hake in Puget 
Sound are not known.  

Pacific cod  

Pacific cod are currently listed as a Washington State Candidate Species (Palsson et al. 1998). 
Concerns over declines prompted the closure of the bottom trawl fishery near Port Townsend and 
Protection Island in 1991 and a prohibition of recreating fishing takes (Gustafson et al. 2000). 
However, as with Pacific hake, current population levels of Pacific cod in Puget Sound are not 
well known but are presumed to be low based on research survey (bottom trawl) and trap catch 
rates.  

Walleye pollock  

Walleye pollock, like Pacific cod, are listed as Washington State Candidate species (Palsson et al. 
1998), yet current population levels of walleye pollock in Puget Sound have not been assessed. 
Daily recreational bag limits were reduced to zero in 1997 (Gustafson et al. 2000). Published 
reports that assess population status of Puget Sound walleye pollock are not available.  

Spiny dogfish  

Estimates of spiny dogfish population status in Puget Sound have not been reported in any peer-
reviewed documents  

Trends  

Pacific hake  

Pacific hake have undergone a decline in Puget Sound since the early 1980s. WDFW annual 
hydro-acoustic surveys combined with species composition and length distributions gathered 
from midwater trawls revealed an estimated 85 % decrease in the Port Susan total spawning 
biomass from 1983 to 1999 (WDFW data)(reported in Gustafson et al. 2000)(Figure 1). Trends 
for the Dabob Bay (Hood Canal) spawning population have not been documented (Gustafson et 
al. 2000).  
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Figure 1. Results of a model predicting population declines (expected) and observed biomass of 
Pacific hake from WDFW trawls in Port Susan, Puget Sound from 1982 – 2000 (WDFW) 
(Reprinted from Gustafson et al. 2000; courtesy of NOAA Fisheries).  

Pacific cod  

The paucity of fishery-independent data on Pacific cod abundances makes population trends in 
Puget Sound difficult to assess, yet the decline in landings observed by WDFW and reported in 
Gustafson et al. (2000) combined with an apparent lack of subsequent reported occurrences 
suggest that populations in Puget Sound have likely declined substantially since the 1970s.  

Walleye pollock  

As with Pacific cod, the information available on walleye pollock abundance other than those 
based on fishery landings are lacking for Puget Sound. Fishing catches peaked in the late 1970s 
followed by a decline in the mid 1980s (WDFW data) (reported by Gustafson et al. 2000).  

Spiny dogfish  

Taylor and Gallucci (2009) report significant declines in spiny dogfish length and age at maturity 
and an increase in average fecundity between 1940–2000. However, these authors stressed it was 
difficult to discern whether these were due to density dependent effects following population 
declines or from climatic forcing.  
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Uncertainties  

More information is needed to assess the current population sizes and future trends of all four 
key bentho-pelagic fish in Puget Sound. Specifically, analysis of long-term trends in abundance, 
population structure and dependence on environmental conditions is needed to ascertain status 
and key drivers.  

Summary  

Bentho-pelagic fish are important components of marine ecosystems and are often the targets of 
fishing pressure. In Puget Sound, Pacific hake, Pacific cod and walleye pollock were all once 
reported to be common and are now apparently much less abundant despite the fact that fishing 
pressure has been relieved. The direct causes for the declines and for the lack of rebounding are 
not well understood. All of these species are known to be susceptible to biophysical forcing and 
climatic regime shifts (Anderson and Piatt 1999, Hunt et al. 2002, Agostini et al. 2006, Agostini 
et al. 2008), and because Puget Sound cod and walleye pollock are at the southernmost extent of 
their range, these impacts may be particularly pronounced. Spiny dogfish, as an extremely long-
lived shark has been shown to be susceptible to even low fishery pressure (Taylor and Gallucci 
2009).  
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Rockfish 
Background  

Rockfish are bony fish in the Scorpaenid family, primarily in the genus Sebastes. Approximately 
28 species of rockfish are reported from Puget Sound (Palsson et al. 2009), spanning a range of 
life-history types, habitats, and ecological niches. This diversity makes rockfish challenging to 
manage as a group and consequently, single-species management approaches have been 
recommended (Musick et al. 2000, Parker et al. 2000, Stout et al. 2001, Palsson et al. 2009, 
WDFW 2009). Rockfish in Pacific waters are among the most long-lived of teleost fishes and 
have low average annual reproductive success (Love et al. 2002). In combination, these 
characteristics make rockfish particularly susceptible to over-fishing. All of the rockfish in Puget 
Sound are classified as having Low or Very Low productivity according to definitions specified 
by the American Fisheries Society (AFS) (Musick 1999, Musick et al. 2000).  

Rockfish have a biphasic life history in which pelagic larvae spend 1-2 months in the water 
column followed by settlement to benthic habitats that shift over ontogeny. In Puget Sound, 
settling rockfish are thought to associate with a variety of habitats including eelgrass, kelp, drift 
vegetation, and cobble fields, while many species as adults are found associated with deeper, 
high-relief rocky substrates (Palsson et al. 2009). While diet varies with species, developmental 
stage and location within the Sound, primary prey items for rockfish include Pacific herring, 
crabs, shrimp, surfperch, greenlings, and benthic invertebrates such as amphipods (reviewed by 
Palsson et al. 2009). In turn, rockfish, particularly as juveniles, are preyed upon by suite of 
predators including lingcod (Beaudreau and Essington 2007), salmonids and other fish (Palsson 
et al. 2009), while adults have been shown to be consumed by marine mammals such as harbor 
seals (Lance and Jeffries 2007).  

Although rockfish larvae are pelagic, there is genetic evidence for limited dispersal within Puget 
Sound for the quillback (S. maliger) and copper (S. caurinus) rockfish (Seeb 1998) as well as for 
differentiation from coastal populations of brown rockfish (S. auriculatus) (Buonaccorsi et al. 
2002). This degree of population structure is consistent with other genetic and otolith studies 
from coastal Pacific rockfish populations (Cope 2004, Miller et al. 2005, Burford 2009). Because 
of these findings, populations of each species of rockfish in the northern and southern portions of 
Puget Sound are recognized by WDFW to be separate stocks (Palsson et al. 2009) (Figure 1).  



April 2011 Puget Sound Science Update  Page 246  Puget Sound Partnership 

 

Figure 1. Map of Puget Sound showing North Sound and South Sound designations relevant to 
rockfish management (Reprinted from Palsson et al. 2009 with permission from .)  

Currently, the Washington Department of Fish and Wildlife (WDFW) collects two types of data 
on rockfish in Puget Sound: those that are dependent upon information obtained from 
commercial and recreational fisheries (fishery-dependent data) and those that are based upon 
population surveys conducted by WDFW (fishery-independent data). The estimates of 
commercially removed biomass in Puget Sound are thought to be fairly accurate because 
documentation began in 1955 while recreational take has been monitored less consistently 
(Palsson et al. 2009). However, demographic data from the recreational fishery that inform the 
assessments of stock status for copper and quillback rockfish are collected by samplers trained 
by WDFW (Palsson et al. 2009). To obtain independent estimates of population abundances of 
rockfish, WDFW began conducting bottom trawls at a suite of sites in Puget Sound in 1987. The 



April 2011 Puget Sound Science Update  Page 247  Puget Sound Partnership 

number of trawls for a given region has varied substantially over time (Palsson et al. 2009). 
Underwater video surveys are used to estimate biomass, density and distribution of rockfish. 
SCUBA transects are conducted along 30 m transects at approximately 25 sites in the North and 
South regions of Puget Sound (Palsson et al. 2009).  

Using the abundances and trends from all available fishery-independent data, Palsson et al.(2009) 
classified each rockfish species as Healthy, Precautionary, Vulnerable or Depleted. These status 
categories are based on those used by the American Fisheries Society (Musick 1999). For the 
two rockfish species for which demographic data were most available (quillback and copper 
rockfish), designations were made based on current Spawners per Recruit (SPR) relative to 
1970s SPR (proxy for an unfished population) and 1999 SPR (Palsson et al. 2009).  

Status  

The removal of rockfish from Puget Sound through recreational and commercial fisheries 
increased substantially after the Boldt Decision in 1974 when fishing restrictions were increased 
for salmon while rockfish were identified as a recommended alternative. Due to general declines 
in rockfish catches on the outer coast and to the petition for federal listing of 14 rockfish species 
found in the Puget Sound (Stout et al. 2001), commercial fishing for rockfish in Puget Sound has 
been restricted since 1999 and commercial catches have been negligible in recent years (Palsson 
et al. 2009). In 2002, any take of the yelloweye rockfish (Sebastes ruberrimus) and canary 
rockfish (S. pinniger) became prohibited. In 2004, the recreational daily limit on other rockfish 
species was reduced to a single fish (Palsson et al. 2009). In 2009, the Puget Sound populations 
of yelloweye and canary rockfish were federally listed as Threatened under the Endangered 
Species Act (ESA) and the bocaccio (S. paucispinis) was listed as Endangered. In addition to 
these federal listings, 14 of the 17 stocks of rockfishes in the North Puget Sound and 11 of the 15 
stocks in the South Sound are currently designated by WDFW as Precautionary, Vulnerable or 
Depleted (Table 1).  

Table 1. Summary of the status of rockfish stocks in Puget Sound (WDFW) (Palsson et al. 2009).  
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A new management plan has recently been proposed by WDFW which outlines several possible 
management options for rockfish in Puget Sound and is currently under review (WDFW 2009). 
One of the key components of this plan is the recommendation that quillback, copper, black, 
yelloweye, bocaccio, canary and Puget Sound rockfish be managed as individual species due to 
their importance to recreational fisheries, conservation concerns, or ecological importance 
(WDFW 2009) (Table 2). In addition to these proposed changes in management, there are 
currently 16 marine reserves throughout Puget Sound that include the rocky habitat thought to be 
beneficial for rockfish.  

Table 2. Proposed species of interest, habitats and reason for their selections in the Draft Puget 
Sound Rockfish Management Plant (WDFW).  
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Trends  

Both commercial and recreational catches of rockfishes have substantially declined since the mid 
1980s and 1990s in both the North and South Puget Sound (Palsson et al. 2009) (Figure 2). 
Bottom trawl survey data also show declines in the harvested species of rockfishes; the two 
species that have increased over time (redstripe rockfish, S. proriger and Puget Sound rockfish, S. 
emphaeus) are smaller-bodied fish that are not harvested (Palsson et al. 2009)(Figure 3). The 
estimated SPR ratios for copper and quillback rockfish in the North and South Sound have also 
declined dramatically from 1970s to 1999 in both the North and South Sounds (Palsson et al. 
2009)(Figure 4). This metric is important because it reflects the effect of fishing pressure on the 
reproductive capacity of a harvested population.  
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Figure 2. Total annual recreational (white) and commercial (black) harvest in pounds estimated 
by WDFW from North Puget Sound (top) and South Puget Sound (bottom) (Reprinted from 
Palsson et al. 2009 with permission from Washington Department of Fish and Wildlife.)  
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Figure 3. Biomass estimates (metric tons) from WDFW bottom trawl surveys from the Georgia 
Basin and East Juan de Fuca regions of North Sound (top) and South Sound (bottom) (Reprinted 
from Palsson et al. 2009 with permission from Washington Department of Fish and Wildlife.)  
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Figure 4. Spawner per Recruit Index (SSBR’) for copper (top) and quillback (bottom) rockfishes 
in North Sound (red circles) and South Sound (black squares) (WDFW) (Reprinted from Palsson 
et al. 2009 with permission from Washington Department of Fish and Wildlife.)  

Uncertainties  

Many aspects of the ecology and biology of rockfish germane to their management in Puget 
Sound are not well understood. For example, ecological interactions such as predation may play 
important roles in determining the success of management strategies (e.g., Beaudreau and 
Essington 2007, Harvey et al. 2008), while demographic parameters such as age structure of 
populations (Berkeley et al. 2004, Berkeley 2006, Lucero 2009) or variability in the factors that 
drive recruitment rates are also likely to be quite important in driving the potential for rockfish 
recovery. Furthermore, while targeted exploitation of rockfishes in Puget Sound has diminished 
in recent years, the influence of continued threats such as pollution, altered food webs, incidental 
catch in recreational fisheries are not known.  
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Summary  

Rockfish form a diverse assemblage of fish in Puget Sound and throughout their range. In Puget 
Sound, rockfish have abundances decreased substantially since quantitative monitoring began in 
the 1970s. These declines have resulted in the federal listing of three species under the 
Endangered Species Act. Because of their diversity in habitat use, ecology and life history, 
single-species approaches to rockfish management in Puget Sound are currently being 
considered.  
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Salmonids 
Background  

Fish in the family Salmonidae (salmon, trout, and charr) are unique in their cultural, economic 
and ecological role in Puget Sound. Because they utilize a very wide range of aquatic habitat 
types throughout their life history, they play potentially integral roles in the upland freshwater, 
nearshore and pelagic marine ecosystems and food webs of Puget Sound. They also provide key 
trophic links between habitats through their migratory behavior. While there is much variation in 
the behavior and ecology within and among the different salmonid species in Puget Sound, they 
typically use freshwater habitats to spawn, after which juveniles emerge and eventually migrate 
to nearshore estuaries or directly to marine pelagic habitats. Salmonids spend up to several years 
in marine habitats prior to returning to their natal watershed to spawn. Each life phase is thus 
dependent on a different suite of abiotic and biotic processes for survival. The use of nearshore 
habitats by juvenile salmon is thought to be a critical aspect of their capability to ultimately 
return and spawn (Fresh 2006). Available spawning habitat, appropriate water temperature and 
flow, and oceanic conditions are also important for salmonid survival and the degree of use of 
each type of habitat varies dramatically across the salmonid species.  

The watersheds and nearshore habitats of Puget Sound currently support 8 species of salmon, 
trout, and charr (NOAA 2007)(Figure 1), four of which are listed as Threatened under the 
Endangered Species Act (ESA). These are Chinook salmon (Oncorhynchus tshawytscha), chum 
salmon (O. keta), bull trout (Salvelinus confluentus) and steelhead (O. mykiss). The recovery 
plan for Chinook, Hood Canal Summer Chum and bull trout put forth by Shared Strategy for 
Puget Sound and the Puget Sound Technical Recovery Team was adopted by NOAA Fisheries in 
2007. The recovery strategy for these species is based upon the underlying principles of 1) 
abundance (the number of spawners); 2) productivity (the number of returning fish produced by 
each spawner); 3) spatial distribution (the geographic distribution of fish populations); and 4) 
diversity (of the genetic, physiological and morphological attributes)(NOAA 2007).  

Data are collected on salmonid abundances in Puget Sound by a variety of local, state and federal 
agencies including Washington Department of Fish and Wildlife(WDFW), NOAA Fisheries and 
the US Fish and Wildlife Service. Spawner abundances are typically estimated in the field by 
counting the number of nests (redds) or by counting the number of spawning and/or dead fish. 
WDFW maintains an online database of watershed-specific spawner abundances (Salmonscape) 
and also conducts stock status estimates (Salmonid Stock Inventory) whereby each spawning 
stock is designated as Healthy, Depressed, Critical, Extinct or Unknown based upon recent 
abundance trends for all species except for Chinook salmon (WDFW 2002). The most recent 
stock inventory categorization utilized trend data from the mid 1980s to 2000 or 2001 (WDFW 
2002).  

Chinook salmon  

The largest of the salmonids, Chinook salmon typically spawn in larger rivers and their 
tributaries, utilizing deeper water and larger gravel for egg burial than their congeners. While 
Chinook fry are often classified as either ocean-type or stream-type depending on the timing of 
their initial downstream migration, in Puget Sound this has further been subdivided into four 
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broad types of strategies based upon general timing emigration from both freshwater and 
estuarine habitats prior to eventually migrating to coastal oceanic waters (Fresh 2006). These 
range from up to a year spent in natal freshwater streams with very little time spent migrating 
through estuarine habitat to very early emigration from freshwater with up to 120 days spent 
rearing in natal estuaries and tidal wetlands (summarized in Fresh 2006). This diversity is 
thought to be critical for the continued survival of this species (NOAA 2007). There is emerging 
evidence that some Chinook salmon remain in Puget Sound waters as residents with little or no 
time spent in oceanic waters (O'Neill and West 2009). Following entry into the open ocean via 
the Strait of Juan de Fuca, Chinook salmon are believed to migrate mostly northwards towards 
British Columbia and Alaska, remaining on the continental shelf where they typically spend 2-4 
years before returning to their natal stream to spawn and die (Quinn 2005, Quinn et al. 2005).  

Hood Canal Summer Chum salmon  

Chum salmon typically spawn in the lower reaches of rivers with fry leaving fresh water for 
estuarine habitats within days of emergence. In Puget Sound, they can either remain in their natal 
estuaries or transition to other estuaries and nearshore habitats to rear before entering oceanic 
waters. While utilizing estuary habitats, chum salmon primarily feed upon epibenthic 
invertebrates associated with eelgrass (summarized in Fresh 2006).  

Steelhead  

Unlike Chinook and chum salmon, steelhead are iteroparous, displaying a diverse suite of life 
history variations with variable time spent in fresh, salt water and estuarine environments. They 
are thought to leave coastal waters immediately after entering the ocean, occupying marine 
habitats distinct from that of their congeners, spending 1-3 years at sea (Quinn et al. 2005, Hard 
et al. 2007). While little is known about the oceanic migration patterns of Puget Sound steelhead, 
there is evidence that they travel to the Central North Pacific (reviewed in Hard et al. 2007). The 
resident (non-migratory) form of steelhead (rainbow trout) is also present in Puget Sound (Hard 
et al. 2007).  

Bull trout  

Like steelhead, Bull trout are iteroparous and long lived, potentially spawning in their natal 
streams several times throughout their lifetime. Like cutthroat trout, bull trout often occupy 
nearshore marine habitats during their short seaward migration.  

Status  

Chinook salmon  

Listed as Threatened in 1999, Chinook salmon currently maintain 22 of the estimated 30-37 
historically present spawning populations that utilize rivers and streams throughout Puget Sound. 
(NOAA 2007)(Figure 1, Table 1). Many of the populations lost were those that spawned earlier 
in the spawning season when water levels are typically lower and temperatures are higher 
(NOAA 2007). There is also evidence that the life history variants that spend the greatest time in 
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freshwater (stream-type) have been severely reduced in recent years, likely because these 
variants are particularly susceptible to watershed alteration such as damming (Beechie et al. 
2006). Furthermore, the few remaining locations where the stream-type life history has persisted 
appear to be largely dependent on snowmelt for their water and thus may be particularly 
susceptible to the effects of global climate change (Beechie et al. 2006). The Puget Sound 
Technical Recovery Team (PSTRT) estimated the historic spawner abundances by modeling the 
number of individuals each watershed could support based upon habitat characteristics (NOAA 
2007). For all populations for which this analysis has been conducted, current population levels 
are substantially less than the estimated historic levels (NOAA 2007)(Figure 2).  

 

Figure 1. Map of major watersheds in Puget Sound utilized by salmonids (Reprinted from 
NOAA 2007; courtesy of NOAA Fisheries).  
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Table 1. Extant populations of Chinook salmon in Puget Sound (NOAA Salmon Recovery Plan 
2007).  
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Figure 2. Comparison of recent (2000-2004) geometric mean of naturally spawning Puget Sound 
Chinook populations to estimates of historic capacity of in some Puget Sound watersheds using 
Ecosystem Diagnostic and Treatment (EDT) habitat models (Reprinted from NOAA Salmon 
2007; courtesy of NOAA Fisheries).  

Hood Canal Summer Chum  

The summer run of Hood Canal chum salmon was listed as Threatened in 1999. A primary factor 
in this designation was the recognition that this stock comprises an important and distinct life 
history strategy within the species (NOAA 2007). Of the 16 historic spawning stocks of Hood 
Canal summer chum, eight are extant (NOAA 2007)(Table 2). In a recent review of this 
Threatened Evolutionarily Significant Unit (ESU), two genetically distinct populations were 
identified: a Strait of Juan de Fuca population (which includes the extant spawning aggregations 
Jimmycomelately, Snow, Salmon and Chimacum creeks) and a Hood Canal population (which 
includes the extant spawning aggregations Big and Little Quilcene, Dosewallips, Duckabush, 
Hamma Hamma, Union and Lilliwaup watershds)(Sands et al. 2009)(Figure 3). Maintaining 
diversity within and between these newly two newly identified populations will now be 
incorporated into the recovery goals for Hood Canal Summer Chum (Sands et al. 2009).  

Table 2. Current (extant) and extinct populations of Hood Canal summer chum and 
supplementation/reintroduction programs (NOAA Salmon Recovery Plan 2007).  
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Figure 3. The two populations of the Hood Canal Summer Chum salmon ESU, including streams 
with spawning aggregations and seven ecological diversity groups (Reprinted from Sands et al. 
2009; courtesy of NOAA Fisheries).  

Steelhead  

Steelhead in the Puget Sound ESU were federally listed as Threatened in 2007 (Hard et al. 2007). 
WDFW currently lists 53 spawning populations of steelhead in Puget Sound, the majority of 
which return in the winter to spawn. Less well studied and less abundant, the remaining 
populations return in the summer and are typically found in the northern portions of Puget Sound 
(Hard et al. 2007). The two largest populations of winter steelhead are also in the northern part of 
the sound, in the Skagit and Snohomish rivers (Hard et al. 2007)(Table 3).  

Table 3. Geometric mean estimates of escapements of Puget Sound populations for all years of 
data (from ca. 1980 – 2004 for most populations) and for the 5 most recent years (2000 – 2004). 
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Estimates are based on hatchery and natural spawner (H+N columns) or only on natural 
spawners (N columns). Hatchery fish are not included in the Puget Sound ESU. NPS = Northern 
Puget Sound, SPS = Southern Puget Sound, HC = Hood Canal, SJF = Strait of Juan de Fuca, 
SSH = summer run steelhead, WSH = winter run steelhead, N/A = data not available (Hard et al. 
2007).  

 

Bull trout  

Bull trout in Washington, including the Puget Sound Distinct Population Segment (DPS), were 
also listed as Threatened in 1999. The US Fish and Wildlife Service conducted an analysis of 
vulnerability to stochastic events across the spawning stocks of bull trout in Puget Sound, finding 
the Snohomish/Skyhomish, the Stillaguamish, and the Chester Morse Lake spawning stocks to 
be at the greatest risk (NOAA 2007)(Table 4).  
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Table 4. Bull trout risk levels for watersheds in Puget Sound (USFWS data)(NOAA Salmon 
Recovery Plan 2007)  
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Trends  

Chinook salmon  

An analysis of 5-year population growth trends for Chinook salmon from 1986 - 2004 was 
conducted by NOAA fisheries. Of those populations that had been declining from 1986 – 1990, 
many exhibited positive growth over 1994 – 1998. (NOAA 2007) (Table 5). While productivity 
was not calculated for the most recent time period (2000-2004), the population means for this 
period were, in many cases, higher than that observed previously (NOAA 2007)(Table 5). 
Despite this positive trend, many populations remained low, including the Dungeness River and 
Skokomish spawning stocks (NOAA 2007)(Table 5).  

Table 5. Geometric mean (5 year periods) of spawning abundances, hatchery contribution and 
productivity (number of return spawners per parent spawner) in Puget Sound Chinook 
Populations (NOAA Salmon Recovery Plan 2007).  

 

Hood Canal Chum salmon  
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Population growth rates for Hood Canal summer chum salmon were all positive over short- time 
frames (1999-2002), but only two of the eight spawning aggregations (Union River and 
Big/Little Quilcene River) displayed positive growth rates over longer time scales (1970s – 2002) 
(Table 6). The latter two are both constituents of the Hood Canal genetically independent 
population (Sands et al. 2009), and experienced declines in the 1980- 1990s followed by recent 
increases (Sands et al. 2009)(Figure 4).  

Table 6. Mean abundance of Hood Canal summer chum in each watershed and long-term (1970s 
– 2002) and short-term (1999 - 2002) population growth trends (NOAA Salmon Recovery Plan 
2007).  
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Figure 4. Annual return abundances of natural-origin summer chum salmon of the Strait of Juan 
de Fuca region (TOP) and the Hood Canal region (BOTTOM) from 1974 – 2005 (Reprinted 
from Sands et al. 2009; courtesy of NOAA Fisheries).  

Steelhead Analyses utilizing all years of available data (ca. 1980 – 2004) and the 10 most recent 
years (1995-2004) indicated that most Puget Sound steelhead populations exhibited significantly 
declining trends in natural escapements, particularly in the southern Puget Sound (e.g., the Cedar, 
Lake Washington, Nisqually and Puyallup winter run populations) (Hard et al. 2007)(Table 7). 
Increasing populations were observed in the Samish and Hamma Hamma winter run populations 
(Hard et al. 2007)(Table 7).  

Table 7. Estimates of temporal trends in escapement (E) and total run size(R) (log-transformed) 
for naturally produced Puget Sound. Positive values indicate a growing population, negative 
values indicate a declining one. Asterices indicate level of significance (Hard et al. 2007).  
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Bull trout  

There is a paucity of reported data on the population trends of bull trout in Puget Sound.  

Uncertainties  

Because of the wide array of life history types exhibited and habitats utilized by salmonids, the 
list of human threats as well as environmental and ecological drivers of salmonid abundance is 
long. These include hydropower, harvest, reduction in freshwater habitat quality and quantity, 
interactions with other fish, birds and marine mammals, ocean conditions and negative impacts 
of hatchery-reared salmon (Ruckelshaus et al. 2002). These drivers likely apply to both listed and 
non-listed salmonids in Puget Sound.  
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Summary  

Salmon and trout are key ecological, cultural and economic components of the Puget Sound 
ecosystem. The number of Chinook salmon has increased since being listed in 1999, although 
population numbers remain well below target abundances. Hood Canal Summer chum salmon 
populations have shown some increases since their listing. Population abundance data for the two 
listed trout and charr species have not been published in citable reports or other publications.  
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Marine birds 
Background  

Puget Sound is important for nesting, wintering, and migration of numerous bird species 
associated with the marine environment. More than 70 bird species regularly utilize Puget Sound 
during some or all stages of their life histories (Buchanan 2006), but only a portion of these are 
actively being investigated. Studies have focused primarily on abundance and distribution, 
habitat utilization, foraging behavior, and contamination levels.  

Multispecies comparisons  

Information pertaining to marine bird distribution and abundance prior to the 1970s resides 
primarily in anecdotal accounts (Rathbun 1915, Jewett 1953) and systematic surveys held during 
Christmas Bird Counts (CBCs), which became consistent and widespread in the 1960s. Since the 
1970s, the most comprehensive census of marine birds in northern Puget Sound was conducted 
as part of the Marine Ecosystems Analysis (MESA) program of 1978-1979 (Wahl 1981). The 
MESA study was a large-scale survey jointly funded by the Department of Commerce (DOC) 
and the Environmental Protection Agency (EPA) as a response to oil spill threats in the Strait of 
Juan de Fuca. It included aerial, land-based, and ferry-based transect surveys north of Admiralty 
Inlet, within portions of the Straits of Juan de Fuca and Georgia, and the Canadian Gulf Islands. 
Notably, the study included only the southernmost portion of the Strait of Georgia and not Puget 
Sound itself.  

Beginning in 1992, the Puget Sound Ambient Monitoring Program (PSAMP) began collecting 
observations of marine birds in the non-breeding season; this currently is the only source of 
continuous multi-species monitoring of marine birds in Puget Sound. The annual surveys consist 
of aerial transects covering nearshore habitat and offshore habitat/open waters throughout Puget 
Sound and the southern shore of the Strait of Juan de Fuca (Figure 1). Aircraft-based observers 
record all bird species seen below the high tide line, but monitoring goals and data summaries 
emphasize certain alcid, diving duck, loon, and grebe species.  
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Figure 1. Map of PSAMP subregions (Reprinted from Evenson et al. 2010 with permission from 
Washington Department of Fish and Wildlife)  

Nysewander et al. (2005) evaluated long-term changes in abundance in several species of marine 
birds by comparing the PSAMP results from 54 aerial transects with results from nearly identical 
MESA transects. Results of this analysis revealed significant declines in 13 of the 20 species or 
species groups studied, including declines in at least one species from each marine bird family 
found in northwestern Washington. For some species, such as the western grebe (Aechmophorus 
occidentalis) and long-tailed duck (Clangula hyemalis), declines were as high as 95% and 91%, 
respectively. Although methodologies used in MESA and PSAMP surveys were relatively 
comparable, differences did exist, for example in the locations and habitat types surveyed by the 
aerial methods, and in the proportion of the MESA baseline data that was from aerial, land-based 
and ferry-based surveys. Furthermore, the PSAMP used aerial surveys, but the potential bias 
associated with avoidance of aircraft by birds has not been evaluated.  
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Results from Nysewander et al. (2005) and other studies (e.g. Wahl 2002) sparked concern over 
declines in marine birds in Puget Sound. In acknowledgment of these concerns and the multiple 
problems associated with comparing results across disparate survey methodologies, the Western 
Washington University (WWU) or WWU/MESA comparison study was initiated (Bower 2009). 
The WWU/MESA comparison study replicated land-based and ferry-based transect portions of 
the MESA surveys over two winters (2003-2004 and 2004-2005). Results of the WWU/MESA 
comparison of data were largely consistent with the MESA/PSAMP comparison (Nysewander et 
al. (2005), although a few results diverged. To perform a third comparison of marine bird 
observations over time, Bower (2009) analyzed annual Christmas Bird Count (CBC) data from 
11 count circles north of Puget Sound (1975-1984 and 1998-2007). Table 1 summarizes 
characteristics of the data sets used by to make comparisons (Bower (2009).  

Table 1. Attributes of bird surveys compared in Bower (2009)  

Study  Year(s)  Geographic area  Methods  

Marine 
Ecosystems 
Analysis (MESA) 

 Jan-Dec 
1978-1979  

Admiralty Inlet (S), 
Tsawwassen-Schwartz Bay 
BC Ferry (N), Neah Bay 
(W), and WA mainland (E) 

 
Shore-based point counts, 
ferry and small boat 
transects, aerial transects 

 

Puget Sound 
Ambient 
Monitoring 
Program 
(PSAMP) 

 Winter 1992-
1999  

Straight coastline between 
Admiralty Inlet (S), Strait of 
Georgia (N), Neah Bay (W), 
and WA mainland (E) 

 
Aerial transects compared 
with 1970s MESA aerial 
transects 

 

Western 
Washington 
University 
(WWU) 

 

Sept-May 
2003-2004 
and Sept-May 
2004-2005 

 

Admiralty Inlet (S), 
Tsawwassen-Schwartz Bay 
BC Ferry (N), Sand Juan 
Islands (W), WA mainland 
(E) 

 

Shore-based point counts 
and ferry transects 
compared with 1970s 
MESA shore-based point 
counts and ferry transects 

 

Christmas Bird 
Count (CBC)  

1975-1984 
and 1998-
2007 

 Salish Sea, including 8 BC 
and 3 WA CBC circles  

Standard CBC methods for 
11 CBC circles, data from 
1975-1984 with data from 
1998-2007 

 

Bower (2009) reported a 29% decline in the total number of marine birds in inland waters of the 
Salish Sea – which includes areas and data from outside the Puget Sound Basin – between 
1978/79 and 2003-2005 (Figure 2). It should be noted, however, that this overall decline can be 
substantially influenced by changes exhibited by certain individual species. For example, of the 
37 most common overwintering marine species, 14 showed significant declines and six showed 
significant increases. Notably, the largest declines were observed among taxonomically diverse 
groups, including common murre (Uria aalge) (–92.4%), western grebe (–81.3%), surf scoter 
(Melanitta perspicillata) (–59.8%) and brant (Branta benicla) (–73.2%). Species that showed 
increases in abundance included double-crested cormorant (Phalacrocorax auritus) (+97.7%) 
and pigeon guillemot (Cepphus columba) (+108.9%). Results from the CBC data comparison 
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revealed significant declines in seven of the 37 most common species or species groups, with 
significant increases in three species (Bower 2009).  

 

Figure 2. Changes in mean abundance among feeding guilds for 35 common overwintering 
marine birds in the Salish Sea between 1978/79 and 2003-2005 (data from Bower 2009)  

Seventeen species or species groups were common to all three studies (the WWU/MESA 
comparison, the PSAMP/MESA comparison, and the CBC data comparison (Bower 2009). The 
PSAMP/MESA comparison revealed declines in more species (14 of 17) than did either the 
WWU/MESA comparison (six of 17) or the CBC comparison (three of 17) (Table 2). The 
PSAMP/MESA comparison showed no change or an increase in just three of 17 species or 
species groups, whereas the WWU/MESA comparison found no change or an increase in six of 
17 and the CBC comparison found no change or an increase in eight of 17 species or species 
groups. Despite these differences, several consistencies emerge. First, the number of species 
declining exceeded the number of species increasing in all three comparisons. Second, three taxa 
-- western grebe, all scaup, and marbled murrelet-- showed declines across all three studies. And 
finally, only two species (Harlequin Duck, Bald Eagle) showed significant increases across all 
the three comparisons (Bower 2009).  

Table 2. Comparison of percent change detected in three studies of non-breeding marine bird 
abundance for 17 species or species groups in Puget Sound (Bower 2009)  

   Studies        
Species  PSAMP/MESA  WWU/MESA  Recent/historic CBCs  
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Common Loon  -64a  +49a  +13  
All loons  -79a  -33  -47  
Red-necked Grebe  -89a  -46a  -35  
Horned Grebe  -82a  -72a  -30  
Western Grebe  -95a  -81a  -86a  
Double-crested Cormorant  -62a  +98a  +171a  
All cormorants  -53a  -8.3a  -25  
Great Blue Heron  -19  +51  -16  
Brant  -66a  -73  +1027a  
All scaup  -72a  -65a  -51a  
Harlequin Duck  +189a  +20  +7  
Long-tailed Duck  -91a  -44  +49  
All scoters  -57a  -33a  -8  
Bufflehead  +20  -11  +5  
Bald Eagle  +35  +187a  +28  
Pigeon Guillemot  -55a  +109a  +15  
Marbled Murrelet  -96a  -71a  -69a  

a Statistically significant  

In summary, widespread changes in the abundance of marine birds during the non-breeding 
season have occurred over the last 30 years in the Salish Sea (Nysewander et al. 2005, Bower 
2009). Causes of these declines are not adequately known.  

Scoters  

Puget Sound supports some of the largest wintering scoter populations on the west coast of North 
America (Wahl 1981), where they feed on regionally-abundant bivalves and forage fish roe. 
Puget Sound is also one of the three most important staging areas and one of two major molting 
areas for other west coast scoter populations, including scoters that winter in California, Mexico, 
and British Columbia. Scoter populations in Puget Sound, including the wintering, staging, and 
molting populations, consist primarily of surf scoters and white-winged scoters (M. fusca). Black 
scoters (M. perspicillata) are also present, but in much smaller numbers. Surf scoters are one of 
the most abundant diving ducks in Puget Sound between September and May, with the highest 
densities in southern and central Puget Sound (Nysewander et al. 2005). Washington’s wintering 
scoters spend eight to 10 months in marine waters, with males spending approximately a month 
longer than females, before migrating to the Canadian interior to breed on freshwater lakes.  

Scoters in Puget Sound are found most often in shallow coastal waters (< 20 meters depth) over a 
broad range of substrates, including pebbles, sand, mud, cobble, and rock. Previously thought to 
subsist on a relatively narrow diet of bivalves, scoters are now understood to adjust foraging 
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patterns and locations to take advantage of ephemeral food sources. During much of the winter, 
they forage on newly-settled mussels and soft substrates inhabited by clams and other shellfish. 
In spring, some scoters in the region feed on herring eggs where available and flocks of surf 
scoters regularly track the northward progression of spawning events to consume this abundant 
and energy-rich source of food (Vermeer 1981). Anderson et al. (2008) found that prey such as 
crustaceans and polychaetes associated with eelgrass habitats comprise a substantial part of 
scoter diets in late summer.  

Scoters observed in both nearshore and offshore waters during PSAMP winter monitoring efforts 
between 1992 and 2008 ranged in mean overall densities from 9.2 to 19.4 birds per km2 
(Evenson et al. 2010). The density indices reported for nearshore areas, which scoters favor, 
ranged from 34.8 to 70.4 birds per km2. Figure 3 shows scoter densities between 1992 and 2008. 
Of all scoters counted along transects sampled during 1992-2008 winter surveys, between 33% 
and 90% were identified to species in any single year. Of these, surf scoters comprised 55-82%, 
white-winged scoters comprised 17-40%, and black scoters made up 0.2-9%. WDFW currently 
is conducting species/age/sex ratio surveys by boat to provide a better estimate of species 
proportions (Evenson 2010).  

 

Figure 3. Mean winter densities of scoters in nearshore (<20 m) habitats of the inner marine 
waters of Washington state, 1993-2008 (Reprinted from Evenson et al. 2010 with permission 
from Washington Department of Fish and Wildlife)  

Bower (2009) demonstrated that as a group scoters showed significant declines in both the 
PSAMP/MESA (-57%) and WWU/MESA (-33%) comparative studies. Surf scoters declined by 
60% in the WWU/MESA comparison; however, nearly half of this decline is attributed to the 
collapse of the Cherry Point herring stock that occurred between the two survey periods (Stout 
2001, Bower 2009). The evidence for this decline is compelling: more than 40,000 surf scoters 
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were observed by MESA researchers in 1978 and less than 1,000 surf scoters were seen by 
WWU researchers at the same location in 2004 and 2005.  

Comparisons of annual changes in density in the inner marine waters of Washington between 
1992 and 2008 suggest that the scoters declined from the early 1990s through 2003, but that 
since 2003, densities have been relatively stable (Figure 3)(Evenson et al. 2010). However, 
spatial variation in rates of decline exist, for example in the Whidbey/Camano (North Puget 
Sound)area, where scoter densities have continued to decline (Figure 4)(Evenson et al. 2010). In 
1993, the densities in the Whidbey/Camano area were the highest in the inner marine waters of 
Washington, but by 2008 densities in the Whidbey/Camano were the lowest (Figure 4)(Evenson 
et al. 2010).  

 

Figure 4. Comparison of winter scoter densities by region in the nearshore (<20 m) inner marine 
waters of Washington state (Puget Sound), 1993-2008 (Reprinted from Evenson et al. 2010 with 
permission from Washington Department of Fish and Wildlife)  

Loons and Grebes  

Several species of loons and grebes spend a substantial portion of the winter in Puget Sound 
where they utilize a variety of marine habitats. Loon species include the common loon (Gavia 
immer), Pacific loon (G. pacifica), and red-throated loon (G. stellata). Common loons are 
widespread and fairly common during winter in almost all nearshore marine habitats, and in most 
freshwater habitats, except rivers, typically occurring as single birds or in small numbers. They 
are rare breeders in Washington waters with the majority nesting throughout Canada and Alaska. 
Common loons were listed as sensitive by WDFW because they are a rare breeding species in the 
state and are vulnerable to a number of threats, including destruction or alteration of nesting 
habitat, poor water quality (i.e., degradation of lakes), and human activity (Richardson et al. 
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2000). Pacific loons are also widespread and common during winter, but occur further offshore 
than common loons and are more likely to congregate. Flocks of Pacific loons feed on schools of 
small fish near banks, tidal rips, and other hydrographic features of deeper waters. This species 
breeds in eastern Siberia and from northern coastal Alaska across to Baffin Island and Hudson 
Bay in North America. Red-throated loons are widespread and fairly common during winter in 
Puget Sound; they breed throughout Alaska, Canada, Greenland, and northern Europe Asia, with 
the very southern portion of their range extending south to southern Vancouver Island. Although 
red-throated loons can frequent many different types of marine waters, they tend to favor 
estuaries and shallow offshore areas, aggregating at times in areas where prey species are 
concentrated by tidal conditions.  

Western grebes utilize marine and fresh waters in Puget Sound between October and April and 
tend to occur in groups. The primary wintering habitat for the larger flocks of western grebes are 
in offshore (>20m depth) marine waters with minimal tidal current flow, where they prey on 
schooling forage fish, although they may also occur in many saltwater situations and on inland 
lakes. Western grebes gather in large resting groups during the daytime hours and then disperse 
at night to forage. Major concentration areas have been identified through PSAMP aerial surveys 
(Evenson et al. 2010). Western grebes breed from southern British Columbia and the prairie 
Provinces in Canada south to Mexico.  

Comparisons of survey data (Nysewander et al. 2005, Bower 2009) reveal that Puget Sound loon 
and grebe species have declined significantly in recent decades. Bower (2009) detected declines 
in loons as a group in all three comparative studies as follows: 64% decline in MESA/PSAMP 
comparison; 33% decline in WWU/MESA comparison; and 47% decline in historic/recent CBC 
comparison (Table 2). Records from the annual PSAMP winter aerial surveys from 1992 to 2008 
show that loons constituted 0.8% of all marine birds surveyed (Evenson et al. 2010). The 
majority of loons were identified to species (common loon [28%], Pacific loon [27.9%], and red-
throated loon [32.5%]) and occurred in both nearshore and offshore waters.  

Among the three loon species, densities were lowest in the common loon, ranging from 0.17 to 
0.57 birds per km2. A comparative analysis of common loon densities reported in MESA 
(1978/79) and PSAMP (1992-1999) surveys showed a 64% decline (Nysewander et al. 2005). 
Conversely, Bower (2009) reported 49% and 13% increases as shown by WWU/MESA and the 
historic/recent CBC data comparisons, respectively, which include survey data through the mid- 
2000s. It is unclear whether these changes reflect some degree of recovery since 1999, shifts in 
distribution, or are an artifact of differing or variously effective methodologies (see Uncertainties 
section, below).  

Densities of Pacific loons observed during PSAMP winter surveys ranged from 0.26 to 1.21 
birds per km2 in 1994-2008, with higher densities (10 and 89 birds per km2) observed in areas 
where flocks concentrate. Pacific loon winter densities appeared to be relatively stable over the 
period 1994-2008, although this result may be confounded by other loon species (Evenson et al. 
2010). A comparison between MESA and PSAMP data was not made for Pacific loons due to 
the difficulty of distinguishing Pacific loons from red-throated loons in aerial surveys. Analysis 
of PSAMP subregional density indices suggest that Pacific loons favor certain subregions, such 
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as northern Puget Sound, Whidbey/Camano Islands, and Central Puget Sound near Bainbridge 
Island (Evenson et al. 2010).  

Red-throated loon densities of 0.17 to 1.20 birds per km2 were observed during PSAMP winter 
surveys of nearshore and offshore areas between 1994-2008 (Evenson et al. 2010). Densities 
appear to have been relatively stable over the past two decades (Evenson et al. 2010), although 
this species is not clearly separated from other loon species in some survey data.  

Grebes  

All grebe species wintering in Washington marine waters have exhibited some degree of decline 
over the last two decades, but western grebes have declined most sharply (Evenson et al. 2010). 
Overall densities for western grebes, combined for both nearshore and offshore waters, ranged 
from 3.9 to 13.2 birds per km2, while densities in the vicinities of the flocks ranged from 50 to 
1,343 birds per km2 (Figure 5). A comparative analysis of western grebe densities reported by 
MESA (1978/79) and PSAMP (1992-1999) surveys showed a 95% decline (Nysewander et al. 
2005). Bower (2009) noted that declines were observed in all three comparative studies (Table 2), 
across of the Salish Sea, and in every month of the MESA/WWU comparative surveys. Density 
indices reported by PSAMP winter monitoring surveys between 1992-2008 suggest that this 
species is still declining (Evenson et al. 2010).  

 

Figure 5. Winter Trends in Western Grebe Densities in the Inner Marine Waters of Washington 
State, 1993-2008 (Reprinted from Evenson et al. 2010 with permission from Washington 
Department of Fish and Wildlife)  
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Alcids  

Several alcid species utilize marine waters of Puget Sound during winter months, with some 
species breeding along coastlines and on islands. Pigeon guillemots (Cepphus columba) are 
common and widespread residents that feed in nearshore habitats, along rocky shorelines, passes, 
banks, areas with tidal currents and rips, as well as in shallow embayments. These birds are 
seldom seen in flocks, except near colonies during breeding, although they can aggregate in 
productive feeding areas such as tidal convergences and passes. Pigeon guillemot nest in nearly 
every small-island or saltwater coastline habitat, with larger colonies are found in San Juan, 
Jefferson, Island, and Clallam Counties. Smaller colonies and single pairs are found throughout 
Puget Sound, making them the second most common breeding seabird in Puget Sound.  

Rhinoceros auklets (Cerorhinca monocerata) are found throughout Puget Sound in both coastal 
habitats and far from land. Most often they often feed close to shore, especially where tidal 
currents near islands create localized upwelling and trophic intensification. Flocks may overnight 
in protected bays and forage farther out to sea during the day. Rhinoceros auklets in Washington 
nest at three main sites: Destruction Island, Protection Island, and Smith Island. Smaller numbers 
nest at a few other sites in Puget Sound.  

Marbled murrelets (Brachyramphus marmoratus) are small, fast-flying seabirds present year 
round in coastal areas throughout Washington. They are non-colonial alcids that breed in mature 
inland forests up to 84 km from marine shorelines that support prey such as small schooling fish 
or invertebrates in shallow waters (Raphael 2006). Areas of winter concentration in Washington 
include the southern and eastern end of the Strait of Juan de Fuca, Sequim, Discovery and 
Chuckanut Bays, and the San Juan Archipelago. In 1992, the Pacific coast population of marbled 
murrelets south of the Canadian border was listed as Threatened by both USFWS and the State 
of Washington. Critical habitat in Washington, Oregon and California was designated in 1996. 
Primary threats to marbled murrelets include the loss and modification of nesting habitat, 
primarily due to commercial timber harvesting of older forests, effects resulting from oil spill 
pollution, and to a much lesser degree, risks associated with capture in commercial fisheries gear 
(Ralph et al. 1995).  

In 2003, a WDFW survey of pigeon guillemot colonies in Puget Sound reported at least 471 
colonies, representing approximately 16,000 breeding birds (Evenson et al. 2003). Long-term 
changes in pigeon guillemot populations are not known due to absence of historical data. 
Records from annual PSAMP aerial surveys show that pigeon guillemot densities were highest in 
nearshore habitats (<20m depth), where they ranged from 0.26 to 1.18 birds per km2 in 1992-
2008 (Evenson et al. 2010). Densities from the inner marine waters of Washington during 
winters 1993-2008 increased from 1993-1997, and then remained stable through 2008. A 
comparative analysis of pigeon guillemot densities recorded by MESA (1978/79) and PSAMP 
(1992-1999) surveys showed a 56% decline over that period (Nysewander et al. 2005). However, 
Bower (2009) reported a 109% increase in pigeon guillemot density based on the WWU/MESA 
comparative study, which covered a slightly longer time period (Table 2). The inconsistencies 
likely reflect differences in sampling between the studies (Bower 2009) and a the lack of 
knowledge of pigeon guillemot post-breeding dispersal patterns (Evenson et al. 2010).  
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Rhinoceros auklet breeding populations in Puget Sound are concentrated on Protection Island 
and Smith Island. Protection Island hosts 70% of the breeding birds within Washington’s inner 
marine waters (Speich et al. 1989). Estimates of the breeding population of Rhinoceros auklets 
on Protection Island have shown a 30% decline in breeding pairs with more than 17,000 breeding 
pairs in 1975 (Wilson and Manuwal 1986) decreasing to approximately 12,000 pairs in 2000 
(Wilson 2005).  

In 2006, marbled murrelet population size was estimated to be about 22,000 in Washington, 
Oregon, and California (Huff et al. 2006), compared with approximately 860,000 in Alaska and 
55,000 to 78,000 in British Columbia in 2004 (McShane 2004). At-sea counts of marbled 
murrelets using boat-based observer transects were conducted from 2000 to 2009 as part of 
effectiveness monitoring of the Northwest Forest Plan. In 2009, USFWS conducted a five-year 
status review of the Northwest Forest Plan and determined that marbled murrelets in Puget 
Sound had continued to decline significantly since the previous review conducted in 2002 
(Pearson et al. 2010). The population estimate for marbled murrelets in all zones in the 
Northwest Forest Plan area (Washington, Oregon and California) was 17,791 (95% confidence 
interval: 14,631 – 20,952). Estimates from the 9 years of monitoring have ranged from 17,354 to 
23,673. The 2009 population estimate for Puget Sound and Juan de Fuca Strait east of Cape 
Flattery from at-sea surveys was 5,623 birds (95% confidence interval: 3,922 – 8,352 birds). The 
annual rate of decline for the 2001-2009 period was 7.0% (standard error = 1.8%; Pearson et al. 
2010). For Washington State overall, there was a significant decline in murrelet density for the 
2001-2009 period (Pearson et al. 2010). The largest concentrations of birds occurred in northern 
Puget Sound and the Strait of Juan de Fuca.  

High Arctic Black Brant  

High arctic black brant are a subpopulation of brant geese that utilize Puget Sound shallow bays 
and saltwater marshes from late November through May. They breed in the high arctic of 
western Canada, primarily on Melville Island and Prince Patrick Island, and then stage for over a 
month at Izembek Lagoon in Alaska before heading to wintering grounds in Puget Sound. Brant 
wintering habitats are usually characterized by an abundance of eelgrass and marine algae (e.g., 
Padilla, Samish and Fidalgo Bays in Skagit County). Large concentrations of brant may gather at 
Dungeness Spit and Willapa Bay, but smaller flocks are present in the southern Puget Sound. 
Because of their strong dependence on certain plants, fidelity to wintering and breeding locations, 
and because some populations live in harsh environments, brant are more vulnerable to periodic 
breeding failures and occasional heavy losses from starvation than are most other geese (Reed et 
al. 1998).  

Results from the comparative MESA and PSAMP studies showed that brant abundance varied 
widely over spatial and temporal scales (Bower 2009). Brant exhibited declines in the 
PSAMP/MESA comparision (-66%) and WWU/MESA comparison (-73.2%), but increased by 
more than 1000% in the CBC comparison data (Bower 2009). The large decline in the 
WWU/MESA comparison was principally driven by a decline in numbers on the primary 
wintering grounds of Padilla and Samish Bay. Outside these two locations, brant numbers 
showed a slight increase. CBC comparison data showed increases in brant in British Columbia, 
possibly indicating a change in the wintering location of brant.  
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Great Blue Heron  

In Puget Sound, great blue herons (Ardea herodias) belong to a non-migratory and marine-
oriented subspecies (A. herodias subsp. fannini) that ranges from Alaska to southern Washington 
state, with the largest concentration occurring in northwestern Washington and southwest British 
Columbia (Butler 1997). During the non-breeding season, great blue herons are widely dispersed 
in Puget Sound, utilizing coastal and lowland areas for foraging and roosting. They are often 
found as solitary individuals. In contrast, between late winter and summer, herons occur in high 
densities centered on nesting colonies and associated foraging sites. Herons forage in a variety of 
habitat types depending on local conditions, tides, and season. Saltwater and freshwater marshes 
provide year-round foraging opportunities of fish, crustaceans, amphibians and reptiles, though 
terrestrial habitats also provide small mammals in heron diets (Eissinger 2007).  

Marine shoreline and intertidal areas are important to the success of coastal heron colonies. In 
2004, WDFW performed an aerial survey to determine foraging habitat, distribution, and 
concentration areas of great blue herons in Puget Sound (Hayes 2006). Based on this survey it 
was estimated that 73% of the active heron colonies in Puget Sound are directly associated with 
marine and estuarine intertidal habitats for foraging activities during the breeding season. In 
particular, the reproductive success of colonies is dependent on prey associated with eelgrass 
habitats (Eissinger 2007), such as Drayton Harbor, Port Susan, and Samish, Padilla, and Skagit 
bays.  

Few records of historical trends exist for the great blue heron in Puget Sound. Methods for 
monitoring heron colonies in British Columbia and Puget Sound have recently been developed, 
although they are not yet standardized between the two areas. In western Washington, colony 
status has been assessed approximately every four years by WDFW biologists, and larger 
colonies in certain locations are monitored by independent investigators or conservation groups. 
Eissinger (2007) conducted a review of available population data and concluded that since the 
mid-1990s, the population of northwestern great blue herons has been stable, with the current 
estimate at 4,700 nesting pairs or 9,400 breeding herons in 2003-2004 (Figure 6). This breeding 
population represents 121 colonies located on Vancouver Island, the British Columbia mainland, 
and in the Georgia Strait and Puget Sound basins. Notably, approximately 66% of the total 
population is concentrated in only 16 colonies, and 35% of the total breeding population belongs 
to five mega-colonies supporting 200-600 breeding pairs each. In the past decade, the Puget 
Sound population has seen a substantial transformation from a diffuse distribution of smaller 
colonies across the landscape to larger colonies in upland marine areas. Reasons for this shift are 
unknown, but possible causal factors include combinations of increased predation by expanding 
bald eagle population, human disturbance and encroachment on habitat, degradation and 
fragmentation of nearshore and coastal habitats by development and land use activities, pollution, 
changes in prey abundance or distribution, and other systemic changes related to ecosystem 
decline (Eissinger 2007).  
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Figure 6. Great blue heron population trends in Puget Sound (reprinted from Eissinger 2007 with 
permission from the Puget Sound Nearshore Ecosystem Restoration Project and Washington 
Department of Fish and Wildlife)  

Uncertainties  

With the recovery of Bald Eagle populations, anecdotal information indicates predation pressure 
(direct and indirect) has increased at Great Blue Heron colonies. The effect of increasing Bald 
Eagle presence on colony persistence or productivity by Great Blue Herons is not known.  

Trends in waterbird abundance derived from Christmas Bird Counts must be assessed to evaluate 
whether correction factors that account for observer effort (e.g. party hours) are appropriate. 
Correction factors applied where they are not necessary could result in a conclusion that 
abundance had decreased when in fact it had not changed.  
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Many marine birds migrate, overwinter or breed in regions quire distant from the area(s) they use 
in Puget Sound. The degree to which potentially significant limiting factors in those areas 
influence observed changes in abundance in Puget Sound is largely unknown.  

Additional work is needed to determine whether changes in abundance of particular marine birds 
reflect actual population changes or shifts in regional distribution that would locally mimic 
population declines.  

Summary  

Multiple species of marine bird that overwinter in Puget Sound have shown sharp declines in 
abundance over the past two decades. Declining species outnumber increasing species, declines 
occur across diverse taxonomic groups and feeding guilds, and declines of up to 95% have been 
reported. Reasons for these declines are not well established and may include factors operating 
locally, along migration flyways, and at the breeding grounds. Habitat loss and changes in food 
availability or abundance may have contributed to population changes.  
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Bald eagles 
Background  

Bald eagles (Haliaeetus leucophalus) are present year-round throughout most parts of 
Washington with the highest densities in the Puget Sound region. Individuals occur in the Puget 
Sound basin as migrants, winter residents and members of the breeding population. They are 
often associated with shorelines and large, open expanses of water (Stalmaster 1987). Bald 
eagles are opportunistic foragers that feed most frequently on fish and waterfowl, and as both 
predators and kleptoparasites, possess a variety of hunting behaviors, consuming live fish and 
birds as well as scavenging upon dead fish (particularly salmonids), birds and mammals (Watson 
2002, Stinson et al. 2007). They are known to hunt in both seabird (Kaiser 1989, Thompson 1989) 
and great blue heron colonies (Norman et al. 1989).  

Breeding bald eagles require large trees near open water in locations that experience relatively 
low levels of human activity. In Washington, surveys by Washington Department of Fish and 
Wildlife (WDFW) conducted in 2005 showed that nearly all (97 %) of surveyed bald eagle nests 
were within 3,000 feet of shoreline (Stinson et al. 2007). While nests are most numerous near 
marine shorelines, many are also found on shores of lakes, reservoirs, and rivers of Washington. 
In a more detailed study of 53 breeding pairs throughout western Washington from 1986 - 1997, 
Watson et al. (2002) found that the mean home range size of 53 bald eagle pairs distributed 
across lakes, marine shorelines, rivers and bays was 4.9 km2, and ranged from approximately 2 
to 7 km2. The density of nesting eagles depends on many factors that affect habitat quality 
including prey populations, degree of human disturbance, and the availability of nest and perch 
trees.  

Breeding pairs initiate nesting activities in January or February and disperse by late summer 
when many migrate north to coastal British Columbia and southeast Alaska for several weeks to 
take advantage of food supplies associated with late summer and early fall salmon runs (Watson 
1998). The timing of breeding activities in Washington has been summarized by Watson (2006). 
Fledglings also disperse northward, but they may remain there for several months before 
returning to Washington.  

Washington’s wintering eagles begin to arrive in October from northern breeding territories in 
Alaska and Canada. Most adults arrive in November and December and many juveniles arrive in 
January (Buehler 2000, Watson 2001). The winter distribution of bald eagles in Washington is 
similar to the breeding distribution, but more concentrated at salmon spawning streams and 
waterfowl wintering areas. Winter ranges are considerably larger and more variable than 
breeding ranges.  

Threats to bald eagles include habitat degradation and reductions in prey such as salmonids in 
Puget Sound and its surrounding watershed. Alteration of upland nesting habitat from natural 
events (e.g., windstorms) or human-related factors (e.g., timber harvest, development) that 
results in either mortality or reduced availability of nest trees or suitable territories, can reduce 
the number of occupied nesting territories. Because average life expectancy of nests can be 
shorter than that of breeding birds (Stalmaster 1987), bald eagles often need trees of similar 
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stature located nearby to serve as replacement nest trees if a nesting territory is to persist at the 
site.  

Conservation Status  

Bald eagles in Washington were listed as Threatened under the federal Endangered Species Act 
(ESA) in 1978. The widespread use of DDT between the 1940s and 1970s is widely viewed as 
the main cause of the decline of bald eagles in Washington and the other 48 states, though direct 
extirpation and habitat alteration are also known causes (Stalmaster 1987). In response to 
rebounding populations, the bald eagle was removed from protection under the ESA in 2007 
(USFWS 2007a). The bald eagle is still protected by the Bald and Golden Eagle Protection Act 
and the Migratory Bird Treaty Act (USFWS 2007b). At the state level, bald eagles were down-
listed to Sensitive status by the Washington Fish and Wildlife Commission. Habitat protection is 
still authorized in Washington by the Bald Eagle Protection Law of 1984 (RCW 77.12.655), 
which requires the establishment and enforcement of rules for buffer zones around bald eagle 
nest and roost sites. Habitat is protected through bald eagle management plans approved by 
WDFW. Between1986 and 2005, over 2,900 bald eagle plans were developed between WDFW 
and various landowner entities for activities on private, state, and municipal lands in Washington 
(Stinson et al. 2007).  

Status  

The most recent statewide breeding season census conducted by WDFW, in 2005, found 840 
occupied nests in 1,125 territories searched (Stinson et al. 2007). Breeding activity was 
confirmed by the presence of eggs or shells in or around the nest or observations of adults 
incubating eggs or brooding chicks.  

Trends  

WDFW began localized monitoring of bald eagle nests in the San Juan Islands in the early 1960s. 
The first extensive survey that covered Washington’s entire marine shoreline was conducted in 
1975 and statewide comprehensive activity and productivity surveys were conducted annually 
from 1980-1992. Nest activity surveys were continued through 1998, and conducted again in 
2001 and 2005. From 1981 to 2005 the nesting population in Washington had increased seven 
fold (Figure 1)(Stinson et al. 2007). The number of bald eagle territories in Puget Sound also 
increased substantially (Figure 2)(Stinson et al. 2007). As of 2010, there were 751 known 
territories in the Puget Sound Basin, with most sites occurring in San Juan, Clallam, Island and 
Skagit counties (Table 1). Although historical estimates of the bald eagle population are not 
available, Stinson et al. (2007) estimated 1,328 serviceable breeding locations (SBL; analogous 
to a territory) existed in Washington prior to European settlement. We note, however, that the 
estimate of SBLs included various assumptions that cannot be evaluated relative to conditions of 
the 19th century. The number of known territories in 2010 was 1,403 (WDFW database), which 
suggests the population may be at or near carrying capacity. While the carrying capacity of bald 
eagles in Washington is not known, a recent decline in nest occupancy rate suggests that nesting 
habitat in parts of western Washington may be approaching saturation (Stinson et al. 2007). The 
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number of resident breeders, and trends in localized winter counts suggest that Washington state 
hosts approximately 4,000 resident and migratory bald eagles each winter (Stinson et al. 2007).  

 

Figure 1. Time trend in population status (number of occupied nests), 1980-2005 (reprinted from 
Stinson et al. 2007 with permission from Washington Department of Fish and Wildlife)  
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Figure 2. Distribution of bald eagle nests in Washington, in 1980 (top map) and 2005 (bottom 
map)(reprinted from Stinson et al. 2007 with permission from Washington Department of Fish 
and Wildlife)  
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Table 1. Number of bald eagle territories in those portions of Washington counties that are 
included in the Puget Sound basin. Data from WDFW database, methods according to Stinson et 
al.2007.  

County  Number of Territories  
Clallam  85  
Island  84  
Jefferson  59  
King  51  
Kitsap  69  
Mason  33  
Pierce  51  
San Juan  98  
Skagit  82  
Snohomish  57  
Thurston  17  
Whatcom  65  
Total  751  

Uncertainties  

1. The carrying capacity of bald eagles is unknown and likely varies from one ecosystem type or 
condition to another. Future monitoring will be necessary to identify carrying capacity.  

2. Because bald eagles are closely associated with the marine environment, they are potentially 
vulnerable to contaminants in the marine food chain. The extent to which they may be vulnerable 
and the specific contaminant groups that might influence their physical or behavioral health are 
unknown.  

3. The human population is expected to increase substantially in the next three decades. Much of 
the increase in Washington's population will likely occur in the Puget Basin. Potential responses 
to increased human pressures on habitats associated with nest territories, and the ability of 
existing rules to protect those habitats given increasing human pressures, are unknown.  

Summary  

Bald eagle abundance in Washington has increased in the past three decades, likely in response 
to federal and state management efforts. The number of nesting pairs in Washington is 
approximately eight times the number present when the use of DDT was restricted in 1972 
(Stinson et al. 2007). In Puget Sound, the predicted rise in human population will continue to 
increase pressure on nesting and roosting habitats. State bald eagle protection rules (WAC 232-
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12-292), along with other forest clearing regulations, may allow the population to persist at or 
near its current level.  
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Harbor Seals 
BackgrouNd  

Harbor seals (Phoca vitulina) are found throughout temperate and arctic waters of the northern 
hemisphere, and inhabit coastal and estuarine waters along the eastern Pacific Ocean from Baja 
California north to the Gulf of Alaska and Bering Sea (Carretta et al. 2004, Carretta et al. 2007) . 
Harbor seals are found throughout the nearshore waters of Washington including Hood Canal, 
Puget Sound, the San Juan Islands, and the Strait of Juan de Fuca out to Cape Flattery (Jeffries et 
al. 2003) (Figure 1). They use hundreds of locations in Puget Sound to haul out or rest, including 
intertidal rocks, reefs, and beaches, logbooms, docks and floats. Harbor seals in Washington are 
considered non-migratory and display strong fidelity to haulout sites. Their local movements are 
associated with tidal cycles, time of day, weather, and prey availability (Zamon 2001, Carretta et 
al. 2004, Hayward et al. 2005, Carretta et al. 2007, Patterson and Acevedo-Gutierrez 2008). Most 
individuals in the inland waters forage in close proximity to haulout sites, and return to the same 
areas for foraging and haulout (Lance and Jeffries 2006). In general, harbor seals forage 
opportunistically on prey that are locally and seasonally abundant(Lance and Jeffries 2006, 
2007).  
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Figure 1. Map of harbor seal haulout sites and survey regions for Washington. The inland stock 
includes the Strait of Juan de Fuca (3), San Juan Islands (4), Eastern Bays (5), Puget Sound (6), 
and Hood Canal (7) (reprinted with permission from Jeffries et al. 2003).  

Threats to harbor seals include incidental takes from drift gillnet fisheries, vessel strikes, and 
contaminants. Harbor seals are vulnerable to contamination by persistent organic pollutants 
(POPs) because they are long-lived, occupy a high trophic level, and have limited metabolic 
capacity to eliminate pollutants (Ross et al. 2004). Exposure to contaminants has also been 
associated with immunotoxicity and outbreaks of infectious disease (Mos et al. 2006). Harbor 
seals in Puget Sound are also heavily contaminated with polychlorinated biphenyls (PCBs) and 
polybrominated diphenyl ethers (PBDEs) (Simms et al. 2000, Ross et al. 2004, Cullon et al. 
2005).  

Status  

Harbor seal numbers were severely reduced during the first half of the twentieth century by a 
state-financed population control program. This bounty program ceased in 1960, and in 1972, 
harbor seals became protected under the federal Marine Mammal Protection Act (MMPA) and 
by Washington State. Based on morphological, phenological and genetic differences, the coastal 
and inland populations of Washing are considered to be two different stocks (Carretta et al. 
2007). Currently, both the inland and coastal stocks of harbor seals are not considered “depleted” 
under the MMPA or listed as “threatened” or “endangered” under the ESA. Population count 
data collected using aerial surveys of haulouts conducted by WDFW in 1999 indicate both stocks 
to be within their Optimum Sustainable Population (OSP) ranges as defined by Jeffries et al. 
(2003).  

Trends  

It is estimated that 2,000-3,000 harbor seals resided in Washington in the early 1970s (Newby 
1973), and historic population levels prior to this are unknown. Beginning in 1983, WDFW 
initiated consistent aerial surveys of harbor seal inland waters population, which continued 
through 1999. Jeffries et al.(2003) found that during 1999, Washington inland stock contained 13, 
692 seals and that both the coastal and inland populations were near carrying capacity (Figure 2). 
Thus, at the population levels of 1999, Jeffries et al. (2003) estimated that Washington State 
harbor seal populations could withstand significant declines and still be within the Optimum 
Sustainable Population levels. The 1999 population count continues to be the most recent 
estimate of Washington harbor seal abundances (Carretta et al. 2007).  
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Figure 2. Generalized logistic growth curve of aerial counts of harbor seals in inland waters of 
Washington (includes the Strait of Juan de Fuca, East Bays, San Juan Islands, Hood Canal, and 
Puget Sound regions) (reprinted with permission from Jeffries et al. 2003).  

Uncertainties  

Harbor seal abundance estimates are based on aerial surveys of maximum haul-out counts, which 
can be complicated by spatial and temporal variability in the behavior of the seals and in the 
proportion of individuals that are observable (i.e., onshore) during sampling events. To address 
uncertainty in the proportion onshore, current estimates of trends and population abundances 
(Jeffries et al. 2003) use both a static correction factor developed by Huber et al. (2001) and an 
observation-error time series model fitting using maximum likelihood techniques to estimate 
population dynamic model parameters. To address variability in seal behavior, Hayward et al. 
(2005) suggest an environmentally dynamic modeling approach, but this has not been adopted. 
The impacts of contaminant exposure on population status are not well known.  

Summary  

Harbor seals populations in Washington State have recovered since the 1970s and population 
sizes may be near a stable equilibrium level, perhaps reflective of the current carrying capacity of 
the environment. Because of their high trophic position, harbor seal contaminant loads may be 
used as indicators of pollution levels in Puget Sound (Ross et al. 2004), and have been suggested 
as possible indicators of other types of anthropogenic change (climate change, fishing activities) 
(Hindell et al. 2003) and fish community composition (Lance and Jeffries 2007).  
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Killer Whales 
Background  

Three distinct groups of killer whales (Orcinus orca) occupy the coastal waters of the 
northeastern Pacific. These groups—northern and southern residents, transients, and offshores—
are distinguished by diet, behavior, morphology, and other characteristics. Among these, 
Southern Resident and transient killer whales commonly are found in Puget Sound. Northern 
residents and offshore killer whales rarely enter Puget Sound (Wiles 2004, Kriete 2007), and 
therefore are not described in detail here.  

While the taxonomic status of north Pacific killer whales remains unresolved (summarized in 
Krahn et al. 2004, NMFS 2008), the Southern Resident killer whale (SRKW) and transient killer 
whale populations are considered by NOAA to be separate stocks based on genetic, 
morphological, dietary and behavioral differences and are classified as endangered (SRKW) and 
threatened (transient) under the U.S. Endangered Species Act (2005). The SRKW population is 
found primarily in Washington and southern British Columbia and includes three groups or pods 
(J-, K- and L-pod) (Krahn et al. 2002, Krahn et al. 2004). Their home range during the spring, 
summer, and fall includes Puget Sound, the Strait of Juan de Fuca, and the Strait of Georgia 
(NMFS 2008) (Figure 1). During the late fall to winter, SRKWs travel as far south as central 
California and north to the Queen Charlotte Islands, British Columbia. The distribution of 
transient killer whales ranges from southern California to Icy Strait and Glacier Bay in Alaska 
(Ford et al. 2000). Transients are recorded along the Puget Sound and Vancouver Island 
shorelines during the summer and early fall (Wiles 2004).  
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Figure 1. Distribution of Southern Resident killer whale sightings from 1990-2005 (data from 
The Whale Museum 2005; figure reprinted from NMFS 2008, courtesy of NOAA Fisheries).  

Resident killer whales are believed to principally consume marine fish, while transients prey 
solely on marine mammals (Ford et al. 1998, Ford et al. 2000). Diets of resident killer whales 
were found to include 22 species of fish and one species of squid (Ford et al. 1998). A detailed 
dietary study based on 529 observed predation events from 1997 – 2005 of both Northern and 
Southern Resident killer whales revealed that salmonids (particularly Chinook) comprised 96% 
of the killer whale diet. However, most of these observations (>85%) were based on Northern 
residents; less information is available on the Southern Residents that routinely inhabit Puget 
Sound (Ford and Ellis 2006). The diet of transient killer whales is less well known, but is thought 
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to be comprised primarily of harbor seals and to include other marine mammals such as sea lions, 
harbor porpoise, Dall’s porpoise, minke whales and marine birds (Ford et al. 1998).  

The movements and locations of SRKWs have been recorded by researchers, whale watchers and 
citizens since the early 1970s and a database of their distribution is maintained by The Whale 
Museum in Friday Harbor, Washington. Whales are most frequently observed in the San Juan 
Archipelago but are also found as far into Puget Sound as the southern portion of the South 
Sound (Figure 1)(Hauser et al. 2007, NMFS 2008). Southern Resident pods are present regularly 
in the Georgia Basin, and during warmer months all pods concentrate their activity from the 
south side of the San Juan Archipelago through Haro Strait northward to Boundary Pass (Hauser 
et al. 2007). Most transient sightings in the Puget Sound-Georgia Basin region are concentrated 
around southeastern Vancouver Island, the San Juan Archipelago, and the southern edge of the 
Gulf Islands. Transients appear to utilize a wider range of water depths and habitats than 
residents (NMFS).  

Three main factors have been identified as potential threats to killer whales in Washington and 
British Columbia: reductions in prey availability, disturbance by underwater noise and vessel 
traffic, and exposure to environmental contaminants, particularly PCBs and PBDEs (NMFS 
2008). Ford et al. (2010) suggests that declines in SRKW abundance in the mid 1990s were 
driven by a significant decline in range-wide abundance of Chinook salmon. NMFS has 
published a Final Recovery Plan that describes a recovery program designed to address each of 
the threats to the SRKW population. Due to their trophic position as apex predator, levels of 
contaminants such as polychlorinated biphenyl (PCBs) and dioxins in both resident and transient 
killer whales have been shown to be among the highest recorded (Ross et al. 2000, Krahn et al. 
2007, Krahn et al. 2009).  

Status  

SRKW population: Photo-identification censuses of the SRKW population performed by the 
Center for Whale Research since the 1970s have shown several periods of growth and decline 
(Figure 2). Because the average life expectancy of killer whales is estimated to be 50 years and 
can extend to 80-90 years, the existing data on the SRKW populations have covered only a small 
portion of the lifespan. In response to a 20% population decline from 1996 to 2001, the SRKW 
stock was designated as depleted under the Marine Mammal Protection Act (MMPA) in 2003 
and became listed as Endangered under the Endangered Species Act (ESA) in 2005. In 2006, 
NMFS designated approximately 2,500 square miles as critical habitat for Southern Residents. 
The designated area encompasses parts of Haro Strait, the waters around the San Juan 
Archipelago, the Strait of Juan de Fuca, and all of Puget Sound.  

Transient population: Detailed estimates of population abundances for transient killer whale 
populations have not been made (NMFS 2008). It is hypothesized that historical transient killer 
whale populations experienced a large decline in abundance due to substantial prey losses in the 
early-to-mid 1900s (Springer et al. 2003). Because harbor seal populations in the region have 
increased over the last 30 years and currently are close to carrying capacity (Jeffries et al. 2003), 
it is believed that transients are no longer prey-limited (Ford et al. 2000). Approximately 225 
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transients have been identified in Washington, British Columbia, and southeastern Alaska 
(NMFS 2008) although current abundances are not known (NMFS 2008).  

Trends  

SRKW population: The historical population of Southern Residents in the mid- to late-1800s ws 
estimated to be approximately 200 whales (Krahn et al. 2002), although lack of data prior to the 
1970s makes contributes to the uncertainty of this estimate. The capture of live killer whales for 
aquaria is thought to have removed approximately 50 Southern Resident and 5 transient killer 
whales between 1962 and 1977 (NMFS 2008). Since that time, the population has experienced 
fluctuations with periods of positive population growth followed by decline (Figure 2). Most 
notable was a substantial period of population growth between the mid 1980s and mid 1990s, 
during which total whale numbers expanded from 75 to nearly 98 animals. That period was 
followed by a brief period of decline, to 80 animals, followed by a moderate increase thereafter 
(Wiles 2004, Kriete 2007, NMFS 2008). The most recent estimate of 85 animals derives from a 
survey conducted in April 2009 (Center for Whale Research, (reported in PSP 2009)(Figure 2).  

 

Figure 2. Abundance of Southern Resident killer whales from 1976-2009 (data from the Center 
for Whale Research)(reprinted from PSP 2009)  

SRKW population predictions: Krahn et al. (2004) conducted a population viability analysis 
(PVA)(Morris and Doak 2002) to assess the future risk of extinction of the SRKW population, 
the predictions of which varied significantly according to the time period from which survival 
rates were estimated. Using the survival rates estimated from 1974-2003, they found that 
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extinction probabilities for the SRKW whale populations ranged from <0.1-3% over the next 100 
years and 2-42% over the next 300 years. However, extinction probabilities based on 1994-2003 
survival rates ranged from 6-19% over the next 100 years and 68-94 % over the next 300 years 
(Krahn et al. 2004)  

Transient population: Trends in abundance of the transient killer whale population cannot be 
estimated because accurate assessments of transient killer whale abundance have not been made.  

Uncertainties  

While the diets of Northern resident killer whales, which inhabit the coastal habitat of British 
Columbia and Alaska, have been well characterized (Ford and Ellis 2006), the extent to which 
diets of Northern resident killer whales are predictors of the diets of SRKW population (the 
primary users of Puget Sound habitats) remains under investigation. There is strong evidence for 
correlations between fluctuations in salmonids, especially Chinook salmon, and resident killer 
whales (Ford and Ellis 2006), but the drivers behind this relationship have not been elucidated. 
Furthermore, the unknown and potentially interactive effects of multiple stressors on killer 
whales introduces uncertainty in projections of future population abundances.  

Summary  

Killer whales are challenging to study because they spend much of their time below the water 
surface, are wide-ranging, and are highly migratory. Photo-identification and vigilant 
observations of predation events have allowed researchers to identify every individual in the 
SRKW population based on unique patterns and morphology, thereby facilitating accurate 
estimation of population abundance and diet of Resident killer whales. Human removal of 
SRKW appears to have driven population declines prior to the 1970s, yet 35 years after the 
removals for live capture ended, SRKW population numbers remain low. Data on transient killer 
whale populations are lacking.  
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HABITATS
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1. Eelgrass 
Background  

Eelgrass (Zostera marina L.) is an aquatic flowering plant common in tidelands and shallow 
waters along much of Puget Sound’s shoreline. The species is restricted to soft-sediment habitats. 
Sexual reproduction occurs through seed production. Vegetative spread occurs via growth of 
below-ground rhizomes, which can result in the formation of large, dense beds. Eelgrass is 
widely recognized for its provision of important ecological functions (e.g., Hemminga and 
Duarte 2000, Duarte 2002), which in Puget Sound include the provision of energy to sustain 
diverse nearshore food webs (e.g., Simenstad and Wissmar 1985), as well as the creation of 
structurally complex habitat for a suite of species including herring, crab, shrimp, shellfish, 
waterfowl, and salmonids (Simenstad 1994, Heck et al. 2003, Mumford 2007). Eelgrass also 
stabilizes sediments and minimizes shoreline erosion (Duarte 2002). Because eelgrass requires 
growing conditions that include good water clarity and low nutrients, eelgrass abundance is 
considered to be an important indicator of estuarine health (e.g., Dennison et al. 1993, 
Hemminga and Duarte 2000). Industrial, agricultural and residential practices in upland areas 
and watersheds, and particularly activities that increase inputs of nutrients and suspended 
sediments, can negatively impact the growth of eelgrass. Direct physical impacts to eelgrass, 
such as propeller scour, overwater structures and shoreline development, also pose threats 
(Mumford 2007). In Washington, Z. marina has been designated a species of special concern by 
WDFW (WAC 220-110-250) and as critical habitat by the WDOE Shoreline Management Act 
(RCW 90.58).  

Characteristics in Puget Sound  

Eelgrass occurs in shallow soft sediments habitats throughout much of Puget Sound, with the 
notable exception of the southernmost portion (Mumford 2007, Gaeckle et al. 2009). Two habitat 
types are distinguishable based on nearshore geomorphology. Eelgrass flats are expansive, 
shallow beds typically located in bays, but also found at river deltas and shoals. Eelgrass fringe 
habitats consist of comparatively narrow, linear beds that follow the shoreline. In Puget Sound, 
eelgrass fringe habitats are more common than eelgrass flats, but because some flats are large in 
areal extent, the total area occupied by eelgrass is distributed roughly equally between the two 
habitat types. In the north Puget Sound and Saratoga-Whidbey regions, eelgrass occurs 
predominantly in large flats in Padilla and Samish Bays, which together account for 
approximately 25% of the total eelgrass in Puget Sound. By contrast, in the central, southern, and 
Strait of Juan de Fuca regions of Puget Sound, fringe beds are more common.  

Multiple factors determine eelgrass distribution, including substrate availability, water clarity, 
wave energy, light attenuation, water temperature, tidal amplitude, and desiccation stress 
(Hemminga and Duarte 2000). In Puget Sound, the maximum depth to which eelgrass grows 
ranges from approximately 1.3 m below the low tide line (MLLW) to greater than 9 m deep. The 
deepest beds are found in the Strait of Juan de Fuca and the San Juan Islands (Gaeckle et al. 
2009) .  
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WDNR Eelgrass Monitoring  

The Nearshore Habitat Program of the Washington State Department of Natural Resources 
(WDNR) monitors eelgrass distribution and abundance through the Submerged Vegetation 
Monitoring Project (SVMP). The SVMP was established in 2000 to better understand eelgrass 
resources throughout Puget Sound and to detect temporal changes the distribution and abundance 
of eelgrass. The SVMP is part of the Puget Sound Assessment and Monitoring Program 
(PSAMP), a multi-agency effort coordinated by the Puget Sound Partnership to monitor diverse 
physical and biotic aspects of the Puget Sound ecosystem. Eelgrass is sampled annually at 
approximately 100 randomly-selected sites and 6 six permanent “core” sites (Figure 1). 
Sampling is performed at three spatial scales: Sound-wide, within regions, and within individual 
sites. Since monitoring began in 2000, more than 270 sites have been assessed. The SVMP was 
designed to detect changes that occur at annual and longer-term (5- and 10-year) temporal scales. 
The SVMP’s primary programmatic performance measure is the ability to detect a 20% decline 
in eelgrass abundance over 10 years at the Sound-wide scale (Berry et al. 2003, Gaeckle et al. 
2009). Data collection is carried out using underwater videography recorded along transects. 
Twelve to fifteen transects are sampled per site, oriented perpendicular to shore and sampled 
using a line-intercept method.  
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Figure 1. Distribution of site sampled in 2008 by SVMP sound -wide eelgrass monitoring study 
(reprinted from Gaeckle et al.2009 with permission from Nearshore Habitat Program, 
Washington Department of Natural Resources).  



April 2011 Puget Sound Science Update  Page 309  Puget Sound Partnership 

Status  

Currently about 22,800 ± 4,500 hectares of eelgrass exist in greater Puget Sound, occupying 
approximately 43% of Puget Sound shoreline (Gaeckle et al. 2009). Eelgrass is more abundant in 
north Puget Sound than in the south. Approximately 91% of the estimated 9,859 ±2,603 hectares 
occurs in large, shallow embayments (Gaeckle et al. 2009). At individual sites, the areal extent of 
eelgrass ranges from less than 1 hectare to more than 3,000 hectares.  

Trends  

Trends in eelgrass distribution and abundance in Puget Sound prior to 2000 are difficult to 
establish due to a lack of long-term and broad-scale information preceding the initiation of the 
SVMP. Thom and Hallum (1990) performed a comprehensive examination of historical 
hydrographic charts, aerial photographs, WDFW survey information and other limited 
observations of eelgrass distribution in Puget Sound. The authors reported apparent declines in 
eelgrass abundance since the late 1800s in Bellingham Bay and the Snohomish River Delta, and 
an apparent increase in eelgrass abundance over approximately the same period in Padilla Bay.  

Since monitoring began in 2000, the SVMP reports that the total area occupied by eelgrass in the 
Puget Sound has remained relatively stable (Gaeckle et al. 2009)(Figure 2). Despite this, site-
level analyses suggest that in seven out of the last eight sampling periods, declines have been 
more frequent than increases (Gaeckle et al. 2009, Puget Sound Partnership 2009)(Table 1 and 
Figure 3), and sites with long-term declines outnumber sites with long-term increases (Gaeckle et 
al. 2009). Declines generally have occurred at smaller sites, while the extensive beds in the 
region, such as Padilla Bay and Samish Bay, remained stable. Gaeckle et al. (2009) conclude that 
the SVMP data suggests an overall pattern of slight declines in eelgrass throughout Puget Sound.  

 

Figure 2. Sound-wide changes in area occupied by eelgrass from 2000 to 2008. Error bars 
represent 95% confidence intervals. The sharp improvement in precision in 2004 is due to 
increased sampling frequency at large sites. (reprinted from Gaeckle et al. 2009 with permission 
from Nearshore Habitat Program, Washington Department of Natural Resources)  
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Table 1. Results of a multiple parameter assessment of regional Z. marina condition based on 
data collected from 2000-2008. The number of measurable changes within a region was 
quantified and compared to the number of significant positive or negative changes (alpha = 0.05). 
CPS = Central Puget Sound, HDC = Hood Canal, NPS = North Puget Sound, SJS = San 
Juan/Straits, SWH = Saratoga/Whidbey. From Gaeckle et al. 2009, Nearshore Habitat Program, 
Washington Department of Natural Resources.  

 

 

Figure 3. Eelgrass changes at individual sites. In seven of eight years of annual change, a greater 
proportion of sites showed statistically significant declines compared with increases in eelgrass 
area.(Nearshore Habitat Program, Washington Department of Natural Resources; reprinted from 
PSP 2009)  

Uncertainties  

The relative importance of the factors driving fluctuations in the distribution and abundance of 
eelgrass in Puget Sound is not well understood. Changes in key abiotic factors such as water 
clarity and nutrient levels may be important, yet analyses linking such abiotic data to eelgrass 
abundances have not been conducted. Consequently, the causes for declines in eelgrass cover 
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documented by the SVMP are not known, nor are the ecological consequences of such declines 
for the taxa that utilize eelgrass habitat such as birds, invertebrates and fishes.  

Summary  

Eelgrass is critically important for maintaining nearshore ecosystem function and is recognized 
as a valuable indicator of ecosystem health. While the overall aerial extent of eelgrass in Puget 
Sound has shown no significant change over the past eight years, sharp local declines have been 
reported at some sites. The causes of these declines have not been established.  
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Kelp 
Background  

Kelps are large seaweeds in the order Laminariales that form dense canopies in temperate rocky 
intertidal and subtidal habitats less than 30 m in depth. The kelp flora of the Pacific Northwest is 
one of the most diverse in the world (Druehl 1969). Kelps are characterized by a highly 
dimorphic lifecycle consisting of a large diploid sporophytic (bed-forming) phase and a 
microscopic haploid gametophytic phase. In the Puget Sound region, bull kelp (Nereocystis 
luetkeana) occurs throughout Puget Sound and the Strait of Juan de Fuca, while the distribution 
of giant kelp (Macrocystis integrifolia) is restricted to the Strait of Fuca (Berry et al. 2005, 
Mumford 2007). Both form conspicuous floating canopies, or kelp beds. Sporophytes of 
Nereocystis are annual or semi-annual, whereas sporophytes of Macrocystis are perennial, 
persisting for several years. In addition to these dominant bed-forming taxa, numerous species of 
understory (non-floating) kelp occur subtidal habitats, many of which are present in southern and 
central Puget Sound (Mumford 2007).  

Kelps are important primary producers. They contribute to Puget Sound food webs by providing 
food for herbivores and detritivores, and by releasing dissolved organic carbon (Duggins et al. 
1989). In addition, kelps create important biogenic habitat that is utilized by fish, invertebrates, 
marine mammals, and birds (e.g., Ojeda and Santelices 1984, Graham 2004). Kelp can 
significantly alter the physical environment by modifying current and wave energy (Eckman et al. 
1989) and this buffering capacity can influence the ecology of other organisms that utilize kelp 
environments for larval dispersal and settlement, for example rockfish (Carr 1991).  

The extent and composition of kelp beds varies through time in response to natural and human-
induced influences. In general, the distribution of kelp is determined by the amount of light 
available for photosynthesis, nutrient levels, grazers, physical disturbances, and toxic 
contaminants (reviewed in Mumford 2007). In addition to these external factors, demographic 
structure may play an important role in driving temporal dynamics of Macrocystis kelp beds 
through decreased fitness of older, more inbred populations (Raimondi et al. 2004, Reed et al. 
2006).  

Sea otters have been shown to be keystone predators in kelp forest ecosystem through their 
consumption of sea urchins, a major grazer of kelps (Estes and Palmisano 1974). In Washington 
state, otter populations have been slowly increasing since their reintroduction in 1969 and 1970 
(Lance et al. 2004) following their extirpation through hunting in the 1900s. While they are more 
abundant on the open coast, otters have been observed as far east as Pillar Point in the Strait of 
Juan de Fuca (Lance et al. 2004, Laidre and Jameson 2006) where they have been shown to 
consumes a high proportion of urchins (Laidre and Jameson 2006). The potential for sea otters to 
expand into further into Puget Sound could affect kelp populations through trophic interactions. 
Furthermore, harvest of urchins by humans may be an important indirect driver of kelp 
populations in the Strait of Juan de Fuca; Berry et al. (2005) anecdotally observed that historic 
increases in urchin harvest rates were positively associated with increases in kelp abundances. 
However, in an experimental study, neither simulated fisheries removals nor simulated otter 
predation significantly affected the abundance of kelps in the San Juan Archipelago (Carter et al. 
2007).  
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In addition to trophic interactions, climate changes associated with El Nino are known to cause 
short-term declines in kelp populations (e.g., Dayton and Tegner 1984), while the Pacific 
Decadal Oscillation could be driving changes over longer time periods. Substrate movement, as a 
result of altered nearshore hydrology and geomorphology, may also influence the amount of 
available habitat for attachment of kelps (Mumford 2007).  

Due to their proximity to shore, kelps are likely to be subjected to anthropogenic impacts such as 
pollution discharge, nutrient influxes from urban and agricultural sources, increased turbidity, 
and increased rates of sedimentation (Dayton 1985, Mumford 2007). These can alter 
photosynthetic performance and growth of sporophytes and prevent settlement, growth, and 
reproduction of microscopic gametophytes. Toxic contaminants such as petroleum products are 
known to damage kelp by lowering photosynthetic and respiratory rates in meristematic tissue 
(Antrim et al. 1995).  

Status  

The Washington Department of Natural Resources (WDNR) conducts an annual inventory of 
canopy-forming kelp beds along the outer coast of Washington and the Strait of Juan de Fuca 
(approximately 360 km of shoreline). Inventories have been conducted annually since 1989 (with 
the exception of 1993) using aerial color-infrared photography (Van Wagenen 2004). In 2005, 
Berry et al. (2005) reported a total of approximately 1,700 hectares of floating kelp (Nereocystis 
and Macrocystis) on Washington’s outer coast and the Strait of Juan de Fuca.  

Trends  

Prior to the initiation of annual floating kelp inventories by WDNR, Thom and Hallum (1990) 
reviewed several sources of historical data and found evidence that floating kelp had increased 
by 58 percent since the first European mapping in the 1850s. The largest increases were observed 
in the most populated areas such as central and south Puget Sound, but anecdotal evidence for 
losses in central Puget Sound were also noted. Between 1989 and 2004, the annual inventories 
conducted by WDNR for floating kelp at 66 shoreline sections on the outer coast and in the Strait 
of Juan de Fuca show high year-to-year variation, ranging from 722 hectares in 1997 to 2,575 
hectares in 2000 (Berry et al. 2005)(Figure 1). Between the two species of floating kelp, M. 
integrifolia canopy area was more stable over time than N. luetkeana canopy, potentially due to 
their differing life histories. From 1989 to 2004, total floating kelp canopy area increased 
significantly (p<0.01), but these increases were restricted to the Outer Coast and the Western 
Strait of Juan de Fuca; kelps in the Eastern Juan de Fuca region showed no trend (Berry et al. 
2005)(Figure 2). At the smallest scale (5-15km of shoreline), kelp area increased significantly in 
18 sections, decreased significantly in 1 section, and did not change significantly in 47 sections 
(Berry et al. 2005)(Figure 3). A significant decrease in kelp canopy area was detected near 
Protection Island. Kelp canopies in this area have declined gradually from more than 10 hectares 
in 1989 and 1990 to less than 1 hectare annually since 1994 (Berry et al. 2005)(Figure 3).  
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Figure 1. Floating Kelp Canopy Area on Washington’s outer coast and the Strait of Juan de Fuca, 
1989-2004 (reprinted from Berry et al. 2005 with permission from Nearshore Habitat Program, 
Washington Department of Natural Resources).  
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Figure 2. Region changes in kelp canopy area (p < 0.01), based on annual surveys between 1989 
and 2004 (reprinted from Berry et al. 2005 with permission from Nearshore Habitat Program, 
Washington Department of Natural Resources).  

 

Figure 3. Shoreline sections with significant changes in kelp canopy area (p < 0.01), based on 
annual surveys between 1989 and 2004 (reprinted from Berry et al. 2005 with permission from 
Nearshore Habitat Program, Washington Department of Natural Resources).  

Despite these findings, Mumford (2007) notes multiple anecdotal accounts of kelp bed losses 
around Marrowstone, Bainbridge, and Fox islands as well as personal observations of the loss of 
small kelp beds in southern Puget Sound at Itsami Ledge, Devils Head and Dickenson Point. A 
large Nereocystis bed on Dallas Bank, north of Protection Island in the Strait of Juan de Fuca, 
has almost totally disappeared since 1989 (Mumford 2007). Other anecdotal observations 
indicate substantial declines in bull kelp abundance in the San Juan Archipelago and the Strait of 
Georgia. Taken together, the observations could suggest widespread declines in bull kelp in 
Puget Sound. The causes of these changes are not known.  

Uncertainties  

The long-term WDNR dataset provides important insight into how the aerial extent of kelp 
canopies has changed over time, yet there may be potential biases associated with this method. 
Berry et al. (2005) notes that observed trends could be subject to methodological artifacts related 
to environmental factors (primarily tidal height and current speed) that introduce uncertainty or 
bias in the monitoring data. Both tides and currents have been shown to affect apparent 
Nereocystis canopy area as observed by photographs taken from the adjacent shoreline (Britton-
Simmons et al. 2008). Consequently, it is possible that some of the observed variation in kelp 
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canopy cover may be inflated by changes in the conditions under which the photographs were 
taken.  

The WDNR monitoring programs focuses on the two species of floating kelp (Nereocystis and 
Macrocystis) native to the region. However, understory (non-floating) kelps are abundant and 
widely distributed throughout Puget Sound, where their ecological importance could equal that 
of the canopy-forming kelps. Effective monitoring of subtidal kelp populations is not yet 
possible, although use of towed video arrays holds promise (Mumford 2007). Furthermore, little 
is known about the ecology of the microscopic gametophyte phase of kelps due to the difficulty 
of studying them in situ (Mumford 2007). Failure in settlement, growth, or reproduction in 
microscopic stages will result in disappearance of the conspicuous sporophytic phases.  

Summary  

Kelps are important primary producers and create important biogenic habitat in Puget Sound 
ecosystems. Annual aerial surveys of floating kelp canopies conducted by WDNR show that 
between 1898 and 2004 floating canopies increased in outer coastal areas an in the western Strait 
of Juan de Fuca. Floating kelp canopies in the eastern Strait of Juan de Fuca showed no statistical 
change over the same period. Anecdotal evidence indicates sharp local declines in kelp 
abundance in southern and central Puget Sound and the San Juan Archipelago and calls for new 
investigations and expansion of kelp surveys.  
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Tidal Wetlands 
Background  

Tidal wetlands are highly productive ecosystems that provide a variety of resources and 
ecosystem functions to Puget Sound biota and humans. In this report, tidal wetlands refer to both 
estuarine (intertidal) and riverine tidal (tidally-influenced freshwater) wetlands along the Puget 
Sound shoreline. Wetlands provide important ecosystem roles, directly regulating hydrologic and 
biogeochemical processes and supporing high rates of biological productivity (Mitsch and 
Gosselink 2007). They also are a key habitat for a suite of fish, amphibian, invertebrate and bird 
species including chum and Chinook salmon, herring, Dungeness crabs and Great Blue Herons 
(e.g., McMillan et al. 1995, Simenstad and Cordell 2000, Eissinger 2007 , Stick and Lindquist 
2009). Because of the fjord-like topography in Puget Sound, tidal wetlands are predominantly 
associated with the major rivers. The steep, rocky bathymetry and topography limit the existence 
of extensive intertidal areas or the deposition of sediments on which vegetated wetland might 
occur (Boule 1981). Low gradient rivers combined with substantial tidal ranges create large 
intertidal areas in river floodplains that contain plant communities strongly controlled by a 
substantial amount of freshwater runoff. Tidal wetlands in Puget Sound have experienced 
significant losses and degradation as a result of development and other land uses.  

Status  

Collins and Sheikh (2005) characterized tidal wetland habitat across the sub-basins of Puget 
Sound (Figure 1) using both aerial and oblique photographs taken from 1998 – 2000 as part of a 
detailed study comparing the extent and nature of current and historical wetlands. They found 
that nearly half of the current tidal marsh area is in located in the Skagit, Stillaguamish and 
Samish river deltas and that the median size of a tidal wetland complex is 0.57 hectares (Figure 
2)(Collins and Sheikh 2005). They estimate that there are currently 5,650 hectares of tidal 
wetland habitat in Puget Sound (Collins and Sheikh 2005). In a more detailed analysis of the 
composition of wetlands in river deltas, they found that the dominant type of tidal wetland in the 
river deltas of Puget Sound is currently estuarine-emergent wetland relative to the less frequent 
estuarine scrub-shrub and riverine habitat types (Figure 3)(Collins and Sheikh 2005).  
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Figure 1. Sub-basins of Puget Sound as defined by Collins and Sheikh (2005). Reprinted with 
permission from Collins and Sheikh (2005).  
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Figure 2. Current area of individual wetland complexes (note: in all pie diagrams, wetland is 
proportional to the symbol area (reprinted with permission from Collins and Sheikh 2005)  
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Figure 3. Relative area of current tidal wetland types in the estuaries of major rivers draining the 
Cascade Range and Olympic Mountains. EEM- estuarine emergent wetland; ESS- estuarine 
scrub-shrub wetland; RT- riverine-tidal wetland. (note: in all pie diagrams, wetland is 
proportional to the symbol area) (reprinted with permission from Collins and Sheikh 2005)  

Trends  

Several quantitative investigations into the degree of alteration of tidal wetlands have been 
conducted in Puget Sound. The earliest and most comprehensive assessment of areal coverage of 
tidal wetlands occurred in the mid 1880s by a Snohomish resident for the purposes of assessing 
agricultural development potential (Nesbit 1885). This endeavor used navigation maps, 
interviews with residents, and field observations to document the extent of tidal marshes and 
swamps (inclusive of saltmarsh and freshwater marsh) throughout Washington State from 
ca.1883. It found that tidal marshes greatly exceeded tidal flats in area on Puget Sound and that 
freshwater marshes were three to four times as great in extent as compared to the tidal marshes. 
Based on this early surveying effort by Nesbit (1885) , Thom and Hallum (1990) estimated 
approximately 26,792 hectares of tidal wetlands in seven of the nine counties bordering Puget 
Sound in the late 1800s. As such, approximately 38% of tidal marshes in Puget Sound may have 
already been converted to agricultural and urban land uses by the late 1800s (Nesbit 1885, 
Collins and Sheikh 2005).  

The historic extent of tidal wetlands in Puget Sound was also recorded on topographic charts 
known as “T-sheets,” which were produced by the U.S. Coast Survey and the U.S. Coast and 
Geodetic Survey in 1884-1908. A review of comparisons between the T-sheets and more current 
sources including U.S. Geologic Survey topographic maps (produced in the 1970s) was 
conducted by Thom and Hallum (1990). This effort also drew upon analyses by Bortelson et al. 
(1980) and Boule et al. (1983). This investigation revealed that the most substantial intertidal 
wetland losses occurred in the Snohomish, Duwamish and Puyallup river deltas, reported to have 
experienced loss of 32 %, 100%, and 99% respectively. Subaerial wetland loss (defined as those 
wetlands landward of the general saltwater shoreline, but exclusive of intertidal wetlands) was 
also significant, with total losses of approximately 73% in river deltas throughout Puget Sound 
since the late 1800s (Bortleson et al. 1980, Thom and Hallum 1990).  

More recently, Collins et al. (2003) reconstructed historical environments of several estuaries in 
northern Puget Sound and concluded that a considerable amount of tidal wetland had already 
been converted to agricultural and other land uses prior to development of the T-sheets, 
particularly estuarine scrub-shrub and riverine tidal environments, which were the basis of 
previous studies. To provide a comprehensive assessment, the Washington Department of 
Natural Resources (WDNR) collaborated with the University of Washington (UW) to 
characterize the historic and current distribution, type, and amount of tidal wetlands in Puget 
Sound (2005). Collins and Sheikh (2005) used a number of other sources that supplemented and 
cross-referenced the T-sheets, including records of federal land survey, aerial photographs, the 
survey conducted by Nesbit (1885) and soil surveys. They developed an atlas of pre-settlement 
(mid 1880s) riverine and nearshore habitats consisting of a spatially explicit digital database 
based on a landform and process-based classification of nearshore wetlands (see Collins and 
Sheikh (2005) for a complete summary of methods and results). They estimated the historic area 
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of wetland habitat in Puget Sound to be 29,500 acres, indicating that the current tidal wetlands 
are 17 – 19% of their historical extent (Collins and Sheikh 2005). They found that the Whidbey 
basin (which includes the Snohomish, Skagit and Stillaguamish rivers) has experienced the 
largest total loss of areal coverage followed by the Sand Juan Islands/North Coast (which 
includes the Padilla Bay part of the greater Skagit River delta, and the Samish River), the Fraser 
Lowland (which includes the Lummi and Nooksack rivers), and the Central Sound (which 
includes the Duwamish and Puyallup rivers) (Figure 4). Moreover, the median size of individual 
wetlands has decreased over time from approximately 0.93 hectares to 0.57 hectares (Figures 2 
and 5)(Collins and Sheikh 2005). The composition of river delta wetlands has also undergone a 
major shift such that the relative abundance of emergent scrub-shrub and riverine-tidal 
vegetation were historically higher than current levels (Figures 3 and 6)(Collins and Sheikh 
2005).  

 

Figure 4. Change in wetland area (hectares) in Puget Sound (reprinted with permission from 
Collins and Sheikh 2005)  
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Figure 5. Historical area of individual wetland complexes (note: in all pie diagrams, wetland is 
proportional to the symbol area (reprinted with permission from Collins and Sheikh 2005)  
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Figure 6. Relative area of historical tidal wetland types in the estuaries of major rivers draining 
the Cascade Range and Olympic Mountains. EEM- estuarine emergent wetland; ESS- estuarine 
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scrub-shrub wetland; RT- riverine-tidal wetland. (note: in all pie diagrams, wetland is 
proportional to the symbol area) (reprinted with permission from Collins and Sheikh 2005)  

Uncertainties  

Assessing the degree to which wetlands have changed over time is challenging. As with any 
analysis of historical trends, the frame of reference (baseline) can dictate the perception of 
change (e.g., Jackson et al. 2001), yet historical accounts are often less quantitative and thereby 
more subjective (Thom and Hallum 1990, Collins and Sheikh 2005). The use of historic maps 
from different sources is hindered by differences in terminology with respect to classifications of 
wetland hydrology, habitat or vegetation. Despite these challenges, the current efforts to recreate 
a quantitative picture of the extent and nature of historic wetlands have taken substantial 
measures to account for these difficulties (Thom and Hallum 1990, Collins and Sheikh 2005). 
The similarity of independent estimates derived from disparate sources strengthens confidence in 
them. Both Thom Hallum (1990) and Collins and Sheikh (2005) acknowledge that their 
estimates of historic wetland area may still be lower than their true extent given the limitations in 
the available data. The Puget Sound Nearshore Ecosystem Restoration Project (PSNERP) is 
currently conducting a closer investigation of intertidal wetlands using the database created by 
WDNR and UW. This effort is ongoing and will likely yield a more detailed analysis of wetland 
change in Puget Sound. While there has been much recent and ongoing efforts to restore 
wetlands in Puget Sound, the effectiveness and long-term sustainability has not been determined 
for the entire Puget Sound, though monitoring programs are used to document progress towards 
this end. The existing comparisons between current and historic wetlands do not currently 
separate restored wetlands from natural ones.  

Summary  

Tidal wetlands play an integral role in the hydrology, chemistry and nearshore ecosystem of 
Puget Sound and have experienced significant declines as a result of industrial uses, agricultural 
uses, and other types of human development. While much of the wetland loss and alteration 
occurred after 1900, dredging and channeling of large river deltas began as early as the 1850s. 
There have been several investigations into wetland change since pre-industrial times, each 
utilizing divergent or common data sources and deriving generally consistent estimates. The 
most recent and comprehensive assessment documents that the current area of tidal wetlands in 
Puget Sound is 17-19 % of historic levels and that most of the loss has occurred in the Whidbey 
Basin (Collins and Sheikh 2005). Ongoing investigations by PSNERP stand to shed more light 
on the extent and nature of current and historic wetland alterations in Puget Sound. Currently, 
efforts to restore estuarine and tidal wetlands hold promise for recovering lost ecosystem 
function.  
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Water Quality 
 

Puget Sound is unique in the lower 48 Unites States because of its fjord-like physiography, 
inland extent, wide range of depths, and urbanized watersheds and shorelines. Limited exchange 
of seawater between sub-basins within Puget Sound can result in long residence times, 
potentially increasing the susceptibility of biota to contamination introduced through human 
activities. The varied habitats within Puget Sound support multiple life history stages of many 
species, potentially exposing sensitive life stages to contamination. There are multiple water 
quality concerns in Puget Sound:  

• Levels of toxic contaminants in biota that live or feed in Puget Sound.  
• The eutrophication of marine waters, producing hypoxic and anoxic regions.  
• Wastewater contamination, principally from combined sewer overflows or septic systems  
• Harmful algal blooms, which introduce toxins that enter the food web  
• Acidification of marine waters, and the adverse ecological effects that result.  

Degradation of water quality in Puget Sound occurs through three primary mechanisms. The first 
is through the introduction of toxic contaminants, primarily comprising manufactured synthetic 
chemicals, but also including compounds that occur naturally that are concentrated in the local 
environment to toxic levels via human activities. The second is through human-caused changes 
in naturally occurring chemicals, compounds, or physical parameters (e.g., temperature, turbidity, 
nutrients, pH). The third is through introduction of new diseases or pathogens, or through other 
activities that cause an unnatural increase in disease organisms.  

Here we treat the these first two of these mechanisms, focusing on the marine and estuarine 
waters of Puget Sound, and restricting our treatment to degradation caused by human activities. 
Future editions of the Update will expand the treatment to include pathogens, the condition of 
fresh water systems, and natural sources of change in water quality.  
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1. Toxic Contaminants 
Background  

Determination of the significance of contamination of the Puget Sound ecosystem by toxic 
chemicals requires measuring the health of organisms, understanding how toxics move through 
the ecosystem, and estimating the risks posed by exposure to toxic chemicals. In this report we 
integrate some of the physical characteristics of toxics in the system with the negative effects 
they could cause on biota. The “threat” of toxics is dealt with separately in Section 3. Here we 
provide a comprehensive overview of toxics in the system, regardless of their value as an 
indicator of water quality. Thus, some information presented in this section comes from metrics 
that may not be the best indicators of water quality, but instead addresses issues of human or 
ecosystem health (e.g., salmon).  

Toxic contaminants have been released into the Puget Sound and its watersheds for decades by 
human activities. Concern over the possible harmful effects of these pollutants in the ecosystem 
led to the creation of Washington’s Pollution Control Commission in 1945, almost 30 years 
before the federal Clean Water Act. The Puget Sound Water Quality Authority was established 
in 1985 to address pressing water quality issues, and by 1989 monitoring and assessment of 
water quality in Puget Sound had begun with the Puget Sound Ambient Monitoring Program 
(PSAMP).  

The goals of PSAMP included characterizing status and trends of the condition of Puget Sound. 
Now called the Puget Sound Assessment and Monitoring Program, it currently exists as a 
consortium of regional scientists from a number of agencies who monitor and assess ecosystem 
health. Other ongoing toxics monitoring efforts in Puget Sound include MusselWatch 
(Kimbrough et al. 2008), a national program that has been active in Puget Sound since the 1980s, 
and King County’s Marine Monitoring Program .  

The Washington Department of Ecology has evaluated and identified 17 chemicals of concern 
for Puget Sound (Table 1)(Hart Crowser 2007), based on threat or known harm to biota. Of these, 
only five chemicals have been banned nation-wide under the Toxic Substances Control Act 
(TSCA) since 1976. Washington State recently became the first state to ban a class of relatively 
new chemicals, polybrominated flame retardants (PBDEs), because of human and environmental 
health concerns.  

Table 1. Washington Department of Ecology’s list of Chemicals of Concern. Table reprinted 
from Hart Crowser 2007  
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Toxic contaminants are considered a priority threat in Puget Sound because they may harm the 
health of biota. In many cases harm can be difficult to observe; effects can be non-lethal 
(behavioral) or affect reproductive potential. The status of toxic contaminants in ecosystems 
typically is reported using a) metrics of exposure, such as the concentration of contaminant 
residues in tissues; b) health effects such as cancer or reproductive impairment that are known to 
be caused by such exposure (i.e., are “toxicopathic”); c) concentration of toxics in abiotic media 
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such as sediments or water; d) toxicity of abiotic media; e) benthic infaunal community metrics, 
or f) an index value calculated from some combination of a-e. The process of “bioconcentration” 
of toxics from abiotic media to biota is well documented in some cases, suggesting that toxic 
contaminants in abiotic media can serve as a proxy for or predictor of exposure (Meador 2006).  

Measuring toxic contaminants in the environment is expensive and sometimes logistically 
difficult, so monitoring and assessment studies or programs are challenged with targeting 
contaminants that pose the greatest threat based on a number of criteria including:  

• level of toxicity to organisms  
• types of harm caused  
• persistence in the environment  
• rates of bioaccumulation and biomagnification  
• frequency of occurrence in the ecosystem  
• spatial distribution in the ecosystem  
• threats to specific taxa  

Furthermore, the toxicity of a contaminant to an organism depends on the degree to which it is 
exposed to the chemical. Ideally, status is reported with respect to both the degree of exposure, 
and the effects (impacts) that exposure causes.  

This section summarizes the status and trends of contaminant exposure and effects for key 
species to four major classes of toxic contaminant. Metrics reported here include: a) 
measurements of contaminant concentration in organisms’ bodies (“tissue residues”) or 
concentration of contaminant metabolites; b) toxicopathic effects (e.g., liver disease and various 
measures of reproductive impairment); c) concentration of toxics in sediments, primarily as a 
source of and proxy for biotic exposure; and d) a multimetric toxics-related index of sediment 
health.  

The focus of this section is on toxic contaminants as they relate to biotic exposure and effects. 
Various species have been used over the years as indicators of toxics status and trends, based on 
key life history characteristics designed to evaluate the presence, fate, and transport of toxics in 
the complete food web. Key life history characteristics include:  

• Where the organism lives (its habitat, e.g., benthic vs pelagic)  
• Trophic level  
• Longevity (long lived species have a greater potential for accumulative exposure)  
• Migration/residency relative to contaminated habitats  
• Prey or food preferences  

Furthermore, the focus of this report is limited to the marine ecosystem. Evaluation of loadings 
and sources, such as from stormwater or atmospheric deposition, is not included.  

Toxic contaminants in sediments and fish tissues have been two of the most widely monitored 
and assessed indicators of ecosystem health in Puget Sound. Understanding the significance of 
the threat posed by sediment contamination requires an understanding of the relationship 
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between sediment pollution, biotic exposure, and the movement of contaminants from sediments 
to biota. The majority of data useful for a broad-scale evaluation of status and trends in both 
sediment and biota comes from the PSAMP long-term monitoring and assessment studies. 
Results from these efforts have been published primarily in the periodic Puget Sound Update 
series and in other state agency reports. Most PSAMP data collection methods use vetted 
protocols (e.g., Puget Sound Estuary Program 1989a (revised), 1989b (Revised), 1990, 1996a, 
1996b) which may have been modified over time following internal agency peer review or 
review among PSAMP principal investigators. Reviews of PSAMP were performed by a panel of 
external experts in 1995 (Shen 1995) and again in 2005 by PSAMP’s Management Committee 
(PSAMP unpublished). In cases where agency-endorsed or other adequate processes for peer 
review were performed, and where procedures were vetted as above, PSAMP results from the 
Puget Sound Update series or other Agency reports are cited or presented here. Data or findings 
that fail to meet these requirements are omitted.  

Status and Trends  

Persistent Bioaccumulative Toxics (PBTs)  

Persistent bioaccumulative toxic contaminants are a class of substances comprising primarily 
synthetic chemicals designed and manufactured to meet a wide range of industrial, agricultural, 
or residential needs. Because they are persistent and bio-accumulative, they are cause for 
concern when released into the environment. These chemicals generally resist physical, chemical, 
and metabolic breakdown, so they remain unchanged in the environment for a long period of 
time. Their concentration increases in the body with chronic or increasing exposure or intake, 
and they are toxic, causing harm to biota. Because of these characteristics, PBTs have been the 
focus of intense research world-wide, and large PBT databases exist for risk assessors, modelers, 
and regulators (Weisbrod et al. 2007).  

In Puget Sound marine and estuarine waters the PBTs of primary concern are summarized by 
Hart Crowser (2007). Those for which broad status information exists in Puget Sound include 
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), organo-chlorinated 
pesticides (OCPs) such as dichlorodiphenyltrichloroethane (DDTs), and mercury. These 
contaminants have been measured or monitored in a wide range of species in Puget Sound from 
as early as the mid 1970s to present, with consistent monitoring in several species from 1989 to 
present. Although polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated 
dibenzofurans (PCDFs) have been detected in English sole from the most heavily contaminated 
embayment in Puget Sound (Elliott Bay; Sloan and Gries 2008), these compounds are considered 
a minor threat to apex predators such as harbor seals in Puget Sound (Ross et al. 2004) that could 
otherwise potentially be exposed to high PBT levels via bio-magnification.  

Perhaps the clearest PBT exposure-effects relationship of concern in the Puget Sound marine 
waters is the exposure of apex predators such as Southern Resident Killer Whales (SRKW) and 
harbor seals to PCBs and PBDEs (Figure 1). Hickie et al. (2007) and Ross et al. (2004) reported 
PCB exposure in harbor seals from Puget Sound at levels predicted to impair health, while Ross 
et al. (2000) described the SRKW population as the most PCB-contaminated of all cetaceans in 
the world. Calculations made by Hickie et al. (2007) and Ross et al. (2004) suggested that during 
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their years of peak exposure, all members of the SRKW population were affected, and that 
exposure exceeded thresholds by 3 to 31 times. The authors estimated that based on PCBs alone, 
it would take until the year 2089 for 95% of the population to drop below the health effects 
threshold, given current PCB trends. Such PBT contamination is considered a risk to recovery of 
this population (Krahn et al. 2002).  
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Figure 1. Persistent bioaccumulative toxics (PCBs and PBDEs) in two apex predators from the 
Puget Sound and Strait of Georgia, with health effects threshold for PCBs. Reprinted with 
permission from Ross (2006)  

The source of PCBs to these animals is their food, primarily chinook salmon for killer whales 
(e.g., Krahn et al. 2007) and a mix of small pelagic and benthic fish for harbor seals (Cullon et al. 
2005). O'Neill and West (2009) reported high PCB body burdens in chinook salmon that reside 
in Puget Sound, compared to more oceanic migrants (Figure 2) and West et al. (2008) reported 
high PBC burdens in Pacific herring from Central and Southern Puget Sound, compared with 
Southern Strait of Georgia and with herring from highly polluted regions of the Baltic Sea 
(Figure 3). This illustrates the importance of PBT transfer via trophic interactions and the need to 
understand PBT fate and transport processes in food webs.  

 

Figure 2. Comparison of PCB tissue residues in adultChinook salmon returning to spawn in 
Puget Sound and Pacific Oceanic coastal rivers. See West and O’Neill 2009 for a description of 
sampling location and full data citations. All samples were from adult Chinook salmon returning 
to natal rivers to spawn. Copyright American Fisheries Society. Used with permission.  
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Figure 3. Comparison of PCBs among six populations of Pacific herring Puget Sound and the 
Georgia Basin, and Atlantic and Baltic herring. Squaxin population from South Puget Sound, 
Quartermaster Harbor and Port Orchard from Cental Puget Sound, and Semiahmoo, 
Denman/Hornby, and Cherry Point from the Southern Strait of Georgia (Reprinted from 2007 
Puget Sound Update; data from West et al. 2008)  

PCB exposures in chinook salmon pose a health risk to the fish, as well as to the humans that 
consume them. PCBs in chinook salmon(O'Neill and West 2009) exceeded an effects threshold 
reported by Meador (2002), indicating a threat to normal growth and maturation processes for 
these salmon. Furthermore, the Washington Department of Health has issued guidelines that 
recommend restrictions to dietary intake of these fish to protect human health .  

In sediments, PBTs tend to accumulate in industrial or urbanized habitats near their sources, 
prompting focused attention on toxics there (Partridge et al. 2009, Puget Sound Estuary Program 
1988). The Environmental Protection Agency’s Superfund program has focused sediment 
cleanup efforts in a number of Puget Sound’s urbanized embayments since 1980 (2007 Puget 
Sound Update). Overall, however, Ecology’s long-term PSAMP efforts (methods peer reviewed: 
Dutch et al. 2009) have reported PCB levels in sediments exceeding Washington State Sediment 
Quality Standards (SQS) in only 19 of over 500 stations from the full extent of Puget Sound 
sampled between 1997 and 2008. Washington State Sediment Quality Standards, adopted as part 
of Washington’s environmental regulations, define levels at which various chemicals present in 
sediments become harmful to marine life (WAC 173-204). All PCB exceedances were located in 
sediments taken from urban embayments in the Central Puget Sound basin. Data indicate that 
PCB concentrations in Elliott Bay sediments, where most of the exceedances have occurred, 
have been declining (Partridge et al. 2009). A Washington State Sediment Quality Standard does 
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not yet exist for PBDEs, and although PBDE concentrations were lower than PCBs overall, they 
were concentrated in Central Puget Sound and its urbanized embayments.  

Long-term Sound-wide monitoring efforts have shown that this urban PCB and PBDE sediment 
signal is reflected in benthic (bottom-dwelling) and demersal (near-bottom) species. Tissue 
residues of PCBs and PBDEs were greatest in English sole (benthic), rockfish (demersal) and 
lingcod (demersal) from Elliott Bay, Commencement Bay, and Sinclair Inlet, or from other 
Central Puget Sound urban or near-urban locations (as reported in 2007 Puget Sound Update). 
PCB residues in blue mussels were greatest in Central Puget Sound locations (Kimbrough et al. 
2008). These studies demonstrate the relationship between benthic (or benthic-feeding) species 
and the contaminant-condition of their environment.  

Although pelagic (open-water) species may not have direct trophic connections with the 
sediment-contaminated benthic food web, pelagic food web species in urbanized waters 
exhibited high levels of exposure to PBTs. Pacific herring (West et al. 2008), 
Chapter2a.Salmonids#chinookanchor|chinook salmon]] (O'Neill and West 2009), and harbor 
seals (Ross et al. 2004) that reside in Puget Sound conform to this pattern. PCB and PBDE tissue 
residues were consistently greatest in individuals of these three species from the Central or 
Southern Puget Sound Basins, compared with conspecifics from the Strait of Georgia, Strait of 
Juan de Fuca, or Pacific Ocean. As noted previously, PCB and PBDE tissue residues exceeded 
health effects thresholds in salmon] and [[Chapter2a.HarborSeals|harbor seals.  

PBDEs have only relatively recently been added to tissue monitoring and assessment programs 
in Puget Sound. Using archived tissue samples, West and O'Neill (2007) observed 80 ng/g Total 
PBDEs (wet wt) in herring from Central Puget Sound in 2001, roughly one-half the 
concentration of Total PCBs reported for the same samples from (West et al. 2008).  

Polycyclic Aromatic Hydrocarbons (PAHs)  

PAHs are derived from fossil fuels, and are typically produced via combustion of these fuels 
(pyrogenic) or occur as constituents of petroleum (petrogenic). Most of these chemicals exist 
naturally, but their presence in the environment becomes problematic when they are concentrated 
to toxic levels by human activities. Many PAHs are persistent in the environment, however they 
are typically metabolized by vertebrates when exposed to relatively low concentrations, and 
therefore do not tend to accumulate in their bodies. For this reason, food web magnification of 
PAHs for apex predators is of less concern than for PBTs.  

However, both exposure and effects measures from biota indicate that PAHs represent a serious 
threat to the health of some Puget Sound biota. PAHs in blue mussels from seven of 14 sites in 
Puget Sound waters were termed “high” (at or above the 85th percentile for all 263 stations 
nationwide in at least half the years sampled between 1986 and 1991) by the national Mussel 
Watch Program (O'Connor 2002). Currently, the PAH status of mussels from eight of 10 stations 
in Puget Sound is rated either “medium” or “high” (Kimbrough et al. 2008), with a number of 
locations that met or exceeded comparable mussel samples taken in highly urbanized areas of the 
Baltic Sea. Tissue residues of PAHs in blue mussels could originate from capturing and 
consuming PAH-laden particles derived from nearby sediments (Baumard et al. 1999). This 
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hypothesis is supported by the observation that PAHs in Puget Sound mussels are typically 
greatest in urban sites (Kimbrough et al. 2008).  

Because PAHs are metabolized by vertebrates, measuring the exposure of fish, birds and 
mammals is less straightforward than measuring PBT tissue residues. Metabolites of PAH 
compounds can be measured in fish bile (Krahn et al. 1984), and these so-called biliary 
Fluorescing Aromatic Compounds (FACs) have been monitored in English sole, rockfish and 
herring as a semi-quantitative measure of PAH exposure in these species in Puget Sound (West 
et al. 2001). In the benthic or demersal fish species biliary FACs were consistently greatest in 
fish taken from urbanized embayments.  

PAHs are linked to a number of toxicopathic fish diseases. English sole develop degenerative 
liver disease when exposed to PAHs in the sediments where they feed (Myers et al. 1990, Myers 
et al. 1991). Other effects include interruption in growth, and reproductive impairments (Johnson 
et al. 2002). Myers et al. (2008) documented the recovery of health among English sole in Eagle 
Harbor, a highly PAH-contaminated Superfund site, where prevalence of PAH-induced liver 
disease dropped from 80% to 5% over a ten year period during remediation, which included 
sequestration of PAHs with sediment capping (Figure 4).  

 

Figure 4. Temporal trend in liver disease of English sole from a sediment-remediated site in 
Eagle Harbor, Washington. Reprinted with permission from Myers et al. 2008.  

PAH-induced liver disease has been tracked in English sole by PSAMP for 20 years in eight 
Puget Sound locations. This tracking study uses protocols developed to monitor 
histopathological health metrics in fish, including toxicopathic liver disease (Puget Sound 
Estuary Program 1987), which are regularly reviewed by a contract pathologist. Recent results 
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from this tracking study, reported in the 2007 Puget Sound Science Update, include the 
following:  

• liver disease in English sole is associated primarily with Puget Sound’s highly 
contaminated urban embayments near Seattle (Elliott Bay), Tacoma (Thea Foss 
Waterway), and Everett (Port Gardner). The risk of developing liver disease in these 
areas was two to six times that of normal background  

• the risk of developing PAH-induced liver disease has remained low and unchanged at six 
of eight long-term stations, and has declined significantly in English sole from Elliott Bay 
(Seattle).  

• high molecular weight PAHs, the group most often associated with liver disease (Myers 
et al. 1991), have declined in Elliott Bay sediments (Partridge et al. 2009), and in English 
sole bile from Elliott Bay  

Pelagic fish in Puget Sound have also exhibited exposure to PAHs. Pacific herring, a small, 
schooling pelagic planktivorous fish, have consistently exhibited PAH exposures in Central 
Puget Sound similar in magnitude to benthic (English sole) and demersal (rockfish) species from 
most urbanized embayments for the past 10 years (2007 Puget Sound Science Update).  

The source of persistent organic pollutants such as PAHs in adult fishes is widely thought to be 
dietary and because PAHs are metabolized, their biliary FAC measurements tend to reflect PAH 
loads in prey that have been consumed recently. Pacific herring is a fully pelagic species that 
consumes primarily zooplankton prey, with little obvious trophic connection to contaminated 
sediments in Puget Sound. Small schooling pelagic planktivores such as herring may accumulate 
PAHs that have originally been ad- or absorbed to plankton, and then magnified among 
planktonic invertebrates in the food web (Wolfe et al. 2001). It has been suggested that some 
PAHs loaded from atmospheric deposition or other sources enter the pelagic food web directly 
via bioaccumulation by phytoplankton, and then are magnified through the planktonic food chain 
to their fish predators (Larsson et al. 2000). In Puget Sound, this may explain why pelagic 
species far removed, both trophically and spatially, from contaminated sediments exhibit such 
high exposure to PAHs, and could help to inform decisions regarding how to mitigate exposure 
of biota to PAHs in Puget Sound.  

PAH exposure may pose a significant threat to sensitive life stages of Puget Sound biota. Links 
between chronic, sublethal PAH levels and health impacts in fish embryo and larval stages, as 
well as delayed population declines from early-life PAH exposures have been well established 
(Carls and Meador 2009, Peterson et al. 2003). In addition, PAHs from creosote, such as found 
on treated pilings, can kill embryos (Vines et al. 2000). Herring embryos exhibiting chronic 
mortality from at least one spawning ground in Puget Sound have experienced exposure to PAHs 
exceeding a PAH effects threshold (as reported in 2007 Puget Sound Science Update), however a 
PAH cause-and-effect link to mortality has not yet been established in Puget Sound.  

Contaminants of Emerging Concern (CECs)  

This group of contaminants comprises a broad range of chemical classes whose adverse effects 
on biota is only recently becoming apparent. They range widely in solubility, persistence, 
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toxicity, and mode-of-action, and include such classes as perfluorinated compounds (from the 
creation of fluoropolymers, semiconductors, and fire-fighting foam), nonylphenol (a surfactant), 
bisphenol-A and phthalates, both used in plastics, and pharmaceuticals and personal care 
products. Many of these contaminants have endocrine disrupting capacity, and so may be 
reported as Endocrine Disrupting Compounds (EDCs); some are specifically estrogenic and so 
may be reported as xenoestrogens. Although some of these contaminants have been measured in 
Puget Sound fishes (West et al. 2001), and some are monitored in Puget Sound sediments (Dutch 
et al. 2009), many CECs currently are not measured in environmental media on a broad scale 
(Muir and Howard 2006). Moreover, analytical techniques for measuring tissue residues or 
metabolites for many CECs are lacking. Two CECs, nonylphenol (NNP) and bis(2-
ethylhexyl)phthalate (DEHP) are included in Washington Department of Ecology’s Chemicals of 
Concern list (Hart Crowser 2007).  

In Puget Sound sediments, at least one phthalate-chemical, DEHP, exceeded the Washington 
State sediment quality standard, and appears to be increasing (Partridge et al. 2009). DEHP is 
associated with a wide range of toxicopathic disease including endocrine disruption (e.g., 
feminization of males). English sole in Puget Sound have shown evidence of exposure to 
xenoestrogenic compounds, even though the causative pollutants remain unknown. Johnson et al. 
(2008) reported the presence of vitellogenin, a precursor to egg protein normally found only in 
females, in male English sole from twelve of sixteen locations sampled in Puget Sound. 
Moreover, both females and males from one affected population in Elliott Bay exhibited altered 
reproductive timing, possibly related to the unknown estrogenic pollutants (Figure 5). Based on 
spatial patterns in the fish impairment, these authors hypothesized that the source of 
xenoestrogens to these fish was industrial discharges, surface runoff, or sewage, and discussed 
the most likely causative pollutants.  

 



April 2011 Puget Sound Science Update  Page 341  Puget Sound Partnership 

Figure 5. Unusual reproductive timing in female English sole from three Elliott Bay sites 
compared to 14 other Puget Sound locations. Reprinted with permission from Johnson et al. 2008.  

Metals  

Like PAHs, metals occur naturally in the environment. Metals become contaminants of concern 
when they are altered chemically or redistributed in the environment in ways that make them 
more available or toxic to biota. In some cases (e.g., mercury) metals may naturally occur in 
biota in a magnitude great enough to cause concern for humans consuming them (Barghigiani 
and DeRanieri 1992).  

Metals have been monitored Sound-wide in sediments (Dutch et al. 2009) and fish tissue (West 
et al. 2001) since 1989, and in blue mussels since 1986 (Kimbrough et al. 2008). Metal 
accumulation in mussels has been unremarkable, except that the greatest tissue residues of 
mercury, nickel, and lead occurred in highly urbanized areas, suggesting anthropogenic 
contributions. “Medium” concentration of a number of metals was reported from locations with 
the greatest exposure to oceanic waters, far removed from human activities, suggesting 
accumulation of natural sources.  

The Sediment Quality Triad  

The Sediment Quality Triad Index (SQTI) is a multi-metric index developed to describe the 
degradation of sediment condition by toxic contaminants (Chapman 1990). Because the SQTI 
incorporates toxic contaminants from a broad range of classes, it is presented separately in this 
section. The SQTI combines the results from pollutant concentration measures, toxicity studies 
(exposing sensitive organisms to sediments or their extracts), and analysis of the composition of 
the infaunal community in sediments. This last measure is typically based on best professional 
judgment, and integrates nine different measures of community structure and the 
presence/absence of pollutant tolerant/sensitive species. A substantial advantage of the SQTI is 
that it examines both effects and exposure metrics, and uses a weight-of-evidence approach to 
integrate three important measures of sediment quality into one indicator that can be compared 
Puget Sound-wide.  

SQTI has been used extensively in Puget Sound as an indicator of sediment health (Long et al. 
2003). A seven-year comprehensive SQTI survey of 381 Puget Sound sediment stations reported 
that although only one percent of sediments were “degraded”, most of these sediments were in 
highly productive shallow-water embayments or river deltas (reported in 2007 Puget Sound 
Science Update). Thirty-eight percent of sediments in Puget Sound were considered of 
“intermediate” quality, wherein degradation was detected in one or two of the three SQTI 
metrics. A full, final report for this study is currently being reviewed by the Washington 
Department of Ecology.  

Uncertainties.  

One important uncertainty concerns the linkage between the status and trends of toxic 
contaminants in the ecosystem and the associated population-level effects on biota. Health-
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effects thresholds are lacking for the great majority of toxic contaminants monitored in Puget 
Sound, especially for complex mixtures of chemicals. Constructing models that predict 
population-level effects from lethal or sub-lethal effects of single contaminants or mixtures is a 
challenge, because such models often carry a great deal of uncertainty that can result in wide-
ranging outcomes. Except for oil spills or other episodic events, observations of mortality 
directly attributable to toxic contaminants are rare. A singular exception to this in Puget Sound is 
pre-spawning mortality of coho salmon in urban streams (Collier et al. 2004), a phenomenon 
widely attributable to road-based contaminants. In this case Spromberg and Scholz (2009) 
predict extirpation of coho spawning runs over decadal time scales in urbanized streams.  

In addition, recent findings on the susceptibility of eggs and larvae of Pacific herring to fossil 
fuel-derived PAH compounds (Carls et al. 1999, Incardona et al. 2009) combined with field 
studies that demonstrate exposure of their embryos to PAHs in Puget Sound (as reported in 2007 
Puget Sound Update) show the risk of mortality to this sensitive life stage from exposure to 
chemical pollutants in Puget Sound. However, because such mortalities are extremely difficult to 
observe or measure in the wild, they currently are not used in decision-making.  

Uncertainties unique to status and trends of monitoring data include shifting methodologies and 
study designs over long time periods. For example, PCBs reported from some studies in this 
document have been analyzed using a range of methodologies including mixtures (Aroclor) 
analysis and congener-based methods. Careful evaluation of all methods, including those for 
biological covariates, must be made when comparing these data across studies, and when 
applying threshold criteria.  

Summary  

Human activities have resulted in the introduction or elevation of toxic contaminants into Puget 
Sound. These include Persistent Bio-accumulative Toxics such as PCBs, PBDEs and DDTs, 
chemicals derived from fossil-fuels (PAHs), various metals, and Contaminants of Emerging 
Concern, including Endocrine Disrupting Compounds and pharmaceuticals and personal care 
products. In Puget Sound, a number of PBT chemicals are present in apex predators such killer 
as whales and harbor seals and in their primary food sources (salmon and herring) in 
concentrations that may harm their health and impair recovery of populations that are depressed. 
For most PBTs, the highest concentrations occur in sediments and biota from the Central Puget 
Sound and its urbanized embayments, or localized urbanized shorelines in other Puget Sound 
basins. PAH monitoring of mussel tissue has caused Puget Sound to be characterized as a hot 
spot for that class of contaminants, relative to other urban areas in the nation. PAH chemicals 
have also been detected in fish bile and identified as a causative factor in liver disease in English 
sole in Puget Sound waters. Juvenile life stages of fish may be particularly susceptible to PAH 
toxicity. Reproductive effects of endocrine-disrupting compounds have been detected in benthic 
Puget Sound fish but the consequences of exposure at the population level and long-term trends 
are not known.  
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Harmful Algal Blooms 
Background  

Rapid growth and accumulation of phytoplankton or other algae can cause algal blooms. Bloom-
forming algae that have harmful effects on people or wildlife are commonly termed harmful 
algal blooms (HABs). In Puget Sound, HABs may be caused by phytoplankton such as 
dinoflagellates of the genus Alexandrium, diatoms of the genus Psuedo-nitzchia, raphidophytes 
of the genus Heterosigma or by ulvoid seaweeds. Suspension-feeding bivalves, such as mussels, 
clams and oysters, can accumulate biotoxins to dangerous levels during HAB events, leading to 
illness such as paralytic shellfish poisoning (PSP) or amnesic shellfish poisoning (ASP) when the 
shellfish are ingested by humans, marine mammals and marine birds (Nishitani and Chew 1984, 
Hallegraeff 1993).  

The Washington Department of Health(WDOH) Office of Shellfish Safety and Water Protection 
regularly monitors biotoxin levels in both recreational and commercial shellfish areas in Puget 
Sound. The Washington State Public Health Laboratory supports the WDOH through the 
analysis of shellfish samples. When high levels are detected in sample tissues, shellfish harvest 
areas are closed in order to protect shellfish consumers from biotoxin-related illness. Closures 
can have significant effects on commercial, recreational, and subsistence harvest. Episodes of 
high biotoxin levels are currently unpredictable in time or space due to the interaction of multiple 
poorly understood environmental factors (Moore et al. 2009).  

Paralytic Shellfish Poisoning  

Seasonal restrictions on commercial and recreational shellfish harvest due to PSP, sometimes 
known as "red tide", are common in Washington. The biotoxin that causes PSP temporarily 
interferes with the transmission of nerve impulses in warm-blooded animals. Symptoms of PSP 
in humans range from nausea, vomiting, numbness of the lips and tongue and muscle paralysis to 
death by cardio-respiratory arrest. There is no known antidote for the toxin, and cooking does not 
destroy the toxin.  

Several microscopic organisms that naturally exist in marine water produce the PSP toxin. The 
species that causes PSP in Washington marine waters is the dinoflagellate Alexandrium catenella 
(Determan et al. 2001). Alexandrium is typically present in small numbers; however, when 
environmental conditions are favorable, rapid reproduction and accumulation can occur, and 
shellfish can accumulate the toxin to dangerous levels during such bloom events (Zingone and 
Enevoldsen 2000, Moore et al. 2009).  

WDOH closes areas for shellfish harvest when PSP toxin levels equal or exceed the Food and 
Drug Administration standard of 80 micrograms (µg) of toxin per 100 grams of shellfish tissue. 
Areas are not reopened until testing has confirmed that the PSP toxin has declined to a safe level. 
Butter clams may experience extended closures because they typically retain the PSP toxin 
longer than other shellfish (up to one year).  

Sentinel Mussel Monitoring Program  
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The Sentinel Mussel Monitoring Program is an early warning system for marine biotoxins 
established by WDOH. Mussels generally register PSP toxin levels more quickly than other 
shellfish. Consequently, mussels are used as “sentinels” to determine whether PSP toxins are 
increasing in a given area. Under this monitoring program, mussels are placed in cages and set in 
strategic growing areas throughout Puget Sound. Mussel samples are then collected either 
biweekly or monthly and tested for levels of PSP. Rising PSP levels in these mussels trigger 
more targeted and frequent sampling regimens in other shellfish species in the affected area.  

With assistance from local health jurisdictions, local tribes, the Puget Sound Restoration Fund, 
and volunteers, WDOH maintained and monitored 69 collection sites in 2008 (WDOH 2009). In 
addition to the sentinel mussel locations, commercial mussels were routinely monitored at 
Westcott Bay in San Juan Island and at Penn Cove in Whidbey Island.  

Amnesic Shellfish Poisoning  

Domoic acid is a naturally-occurring toxin produced by a species of microscopic marine diatoms 
of the genus Pseudo-nitzschia. The human illness known as ASP or domoic acid poisoning is 
caused by eating fish, shellfish or crab containing the toxin. ASP can result in gastrointestinal 
and neurological disorders within 24-48 hours of toxic shellfish consumption by humans, and 
can be life-threatening. There is no antidote for domoic acid poisoning and cooking does not 
destroy the toxin.  

The razor clam and Dungeness crab fisheries on the outer coast of Washington State have 
incurred losses due to occurrences of domoic acid over the past two decades. In the fall of 1991, 
domoic acid was first detected in razor clams off the coast of Washington and caused several 
mild cases of ASP (Horner and Postel 1993). This prompted WDOH to begin monitoring all 
major shellfish growing areas for domoic acid. Research shows that razor clams accumulate 
domoic acid in the edible tissue (foot, siphon, and mantle) and are slow to rid themselves of the 
toxin (Wekell et al. 1994) due to the presence of a high affinity glutamate binding protein 
(Trainer and Bill 2004). However, razor clams can continue to function in marine environments 
with high concentrations of domoic acid (Trainer and Bill 2004), resulting in extended closures 
of shellfish beds of the outer coast of Washington. In Dungeness crab, domoic acid primarily 
accumulates in the viscera. The level of domoic acid determined to be unsafe for human 
consumption is 20 parts per million (ppm) in molluscan shellfish and 30 ppm for Dungeness crab 
viscera. Dungeness crab harvest areas are closed when three out of six individual crab viscera 
equals or exceeds 30 ppm.  

Within Puget Sound, the first occurrence of domoic acid was in blue mussels harvested in Kilisut 
Harbor in 2003 (Bill et al. 2006), raising concerns about the possibility of shellfish closures 
similar to those on the outer coast. Puget Sound was presumed to be less susceptible to domoic 
acid closures due to the absence of harvested species (razor clams and Dungeness crab) that 
retain domoic acid for long periods. Many shellfish species that are harvested in Puget Sound, 
such as mussels, littleneck clams, and oysters, are able to depurate domoic acid over a period of 
hours or days (Novaczek 1992), whereas the ability of other species such as geoduck to retain or 
release domoic acid has not yet been determined (Trainer et al. 2007).  
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Heterosigma  

While not responsible for illnesses in humans, blooms of the small, unicellular, flagellated 
raphidophyte Heterosigma akashiwo have been shown to kill fish through the likely production 
of neurotoxins that disrupt respiratory and osmoregulatory gill functions (Khan et al. 1997, Hard 
et al. 2000). Farmed fish are particularly susceptible to mortality from increased concentrations 
of Heterosigma (Chang et al. 1990, Hard et al. 2000). Increased water column stratification and 
high temperatures have both been correlated with Heterosigma blooms although the precise 
causes for blooms remain uncertain (Bearon et al. 2006, O'Halloran et al. 2006).  

Ulvoids  

Blooms of ulvoid seaweeds are manifested by large quantities of green algal biomass washing up 
on beaches where decomposition occurs or in seagrass beds where mortality of seagrass through 
smothering is possible (den Hartog 1994, Nelson and Lee 2001). The thin blade-like morphology 
of ulvoids is thought to contribute to their ability to respond quickly to favorable environmental 
conditions such as increased nutrients and light (e.g., Littler and Littler 1980). As such, they have 
can competitively displace other algal species and seagrasses (e.g., den Hartog 1994, Anderson 
et al. 1996, Valiela et al. 1997). While not typically associated with the production of toxins, 
there is emerging evidence that ulvoid algae can produce allelopathic compounds that are 
detrimental to the development and growth of invertebrate larvae and other algae (Nelson et al. 
2003a, Van Alstyne et al. 2007). Two genera of ulvoid seaweeds are common in Puget Sound: 
Ulva (which includes the former genus Enteromorpha) and Ulvaria (formerly referred to as 
Monostroma)(Nelson et al. 2003b). Despite their morphological similarity, these genera differ 
ecologically. A combination of field and lab observations conducted by Nelson and colleagues 
has demonstrated that Ulva is more tolerant of desiccation stress, produces lower levels of 
allelopathic compounds and is found more commonly in intertidal habitats whereas Ulvaria is 
less tolerant of desiccation stress, produces higher levels of allelopathic compounds and is more 
commonly found in subtidal habitats (Nelson et al. 2003a, Nelson et al. 2003b, Nelson et al. 
2008, Nelson et al. 2010).  

Status  

PSP and ASP  

In 2008, only 12 of 2,798 samples (0.4%) of shellfish tested by the Washington State Public 
Health Laboratory detected levels of PSP toxins greater than 1,000 micrograms and no PSP-
related illnesses in humans were reported (WDOH 2009) (Table 1). However, 23 subtidal 
geoduck clamtracts were closed due to elevated PSP toxin levels and two general closures for 
“all shellfish species” occurred. Notably, one geoduck tract closure included a recall of 3,368 lbs 
of geoduck clams. In 2008, the highest PSP levels in blue mussels were found in Mystery Bay, 
Kilisut Harbor (Table 1).  

Table 1. Areas of highest PSP levels in 2008 (WDOH 2009)  

Date  Harvest Area  Species  Toxin Level*  
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08/10/2008  Mystery Bay, Kilisut Harbor  Blue Mussel  2,602  
06/17/2008  Semiahmoo Marina, Drayton Harbor  Blue Mussel  1,831  
08/11/2008  Scow Bay, Kilisut Harbor  Blue Mussel  1,779  
09/25/2008  Dockton, Quartermaster Harbor  Blue Mussel  1,462  
06/17/2008  Birch Bay Village, Birch Bay  Blue Mussel  1,456  
08/06/2008  Fort Flagler, Kilisut Harbor  Blue Mussel  1,347  
11/12/2008  Ediz Hook, East Straits  Blue Mussel  1,097  

• micrograms per 100 grams of shellfish meat tissue  

Approximately 12 Dungeness crab and 1,318 molluscan shellfish samples were tested by WDOH 
for domoic acid in 2008. The low sample size for crabs was driven by lack of toxin in the first 12 
samples, which prompted a halt in further testing of Dungeness crab. There were no shellfish 
closures due to high levels of domoic acid in 2008, nor any reported ASP illnesses (WDOH 
2009). The highest levels of domoic acid observed in Puget Sound molluscs in 2008 were at 
Squaxin Passage and Budd Inlet (Table 2).  

Table 2. Areas of highest domoic acid levels in 2008 (WDOH 2009)  

Date  Harvest Area  Species  Toxin Level*  
06/24/2008  Squaxin Passage  Blue Mussel  3  
06/19/2008  Budd Inlet  Blue Mussel  3  
01/07/2008  Kalaloch Beach North  Razor Clam  3  
11/06/2008  Long Beach Reserve  Razor Clam  2  
10/01/2008  Sequim Bay  Blue Mussel  2  
06/24/2008  South Tacoma Narrows  Blue Mussel  2  

• parts per million per 1 gram of shellfish meat tissue  

Heterosigma  

Heterosigma has been reported in various locations in Puget Sound and has been linked to fish 
mortality at fish farms in Puget Sound (Hershberger et al. 1997, Tyrrell et al. 2002). Despite the 
potential problem of financial damage to fish farms from Heterosigma or of mortality of wild 
fish from Heterosigma blooms, available data the spatial variation of both Heterosigma 
occurrence and the frequency of associated fish mortality events is limited.  

Ulvoids  

A study conducted by Nelson et al. (2003b) assessing biomass of ulvoids in locations in Puget 
Sound (Figure 1) in summer of 2000 found that the species composition, depth, and abundance 
of ulvoids was variable throughout Puget Sound (Figure 2). In a more detailed analysis linking 
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ulvoid biomass to abiotic variables on the coast of Blakely Island in the San Juan Archipelago, 
Nelson et al. (2003b) found that increased biomass was positively correlated with increased 
nitrogen, a finding that is consistent with studies conducted in other locations (e.g., Sfriso et al. 
1992, Anderson et al. 1996).  

 

Figure 1. Sampling locations for ulvoid algae conducted by Nelson et al.(2003b)(Reprinted with 
permission from Botanica Marina and De Gruyter Publishing).  
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Figure 2. Biomass (mean + 1SD) by genus and by depth if ulvoid algae at locations throughout 
Puget Sound (Nelson et al. 2003b)(Reprinted with permission from Botanica Marina and De 
Gruyter Publishing).  

Trends  

PSP  

Harmful algal blooms of Alexandrium were widespread and prevalent in the northern regions of 
Puget Sound (e.g., Sequim and Discovery Bays) in the 1950s and 1960s, but extended southward 
in the 1970s and 1980s to inner regions of Puget Sound (Trainer et al. 2003). More recent 
occurrences of PSP toxins in Washington shellfish and crab have been variable. Although high 
levels of PSP were detected in many years between 1990 and 2006, in some years (e.g., 1995, 
2007, 2008) PSP toxin levels remained low (Figure 3). Despite this variability, the frequency of 
instances of high levels of PSP toxins detected by WDOH monitoring in Washington State has 
increased since 1957(Figure 3), a trend that is consistent with a worldwide increase in PSP toxic 
events since the 1950s (Nishitani and Chew 1984, Hallegraeff 1993, Trainer et al. 2003, Maso 
and Garces 2006).  
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Figure 3. Annual maximum concentrations of PSP and ASP toxins observed in Washington State 
(WDOH, reprinted from Puget Sound Partnership 2009).  

Moore et al. (2009) caution the use of PSP levels in shellfish tissues as a proxy for algal cell 
density in the water column due to the difference in accumulation and depuration rates of 
shellfish species. To investigate trends and possible relationships with large-scale climate and 
local environmental factors, Moore et al. (2009) analyzed PSP levels in blue mussels between 
1993 and 2007. A combination of warm air and water temperatures and low streamflow appears 
to be favorable for PSP toxin accumulation in mussels, but advanced warning of events may be 
constrained by the same factors as for weather prediction, and is therefore limited to 
approximately one to two weeks (Moore et al. 2008, Moore et al. 2009). No increase in the 
frequency, magnitude, duration, or geographic scope of HAB events was detected, yet a 
significant basin-wide trend for closures to be imposed earlier in the year was observed over the 
period.  

ASP  

Blooms of Pseudo-nitzchia continue to affect Washington’s outer coast since the first fisheries 
closure due to ASP toxins in 1991. Exceptional years of domoic acid-associated beach, razor 
clam, and Dungeness crab closures in Washington include 1991, 1998-1999, 2002-2003, and 
2005 (Horner and Postel 1993, Trainer et al. 2007)(Figure 3). The prolonged closures of 1998-
1999 and 2002-2003 (>1.5 years) resulted in significant commercial, recreational, and tribal 
shellfish harvest losses in Washington State (Dyson and Huppert in press, corrected proof). Out 
of concern for ASP toxins in the highly populated Puget Sound region, WDOH has monitored 
throughout Puget Sound since 1991. Pseudo-nitzschia blooms were reported in Puget Sound in 
2003 and 2005, causing concern that blooms could impact the valuable fisheries there (Trainer et 
al. 2009).  

Heterosigma  

The bloom-forming alga Heterosigma akashiwo is recognized as a potential problem in Puget 
Sound. Despite a number of current studies on this HAB-forming alga, data are not yet available 
to determine spatial and temporal trends in Heterosigma abundances or the frequency of toxic 
events in Puget Sound.  

Ulvoids  

Published accounts of temporal trends in ulvoid abundances in Puget Sound are lacking. At least 
one investigation currently is underway to estimate ulvoid abundance from archival video 
surveys.  

Uncertainties  

Trend analysis of harmful algal blooms is difficult due to the lack of understanding about the 
dynamics that drive them, although this is an area of active research (e.g., Bearon et al. 2006, 
Nelson et al. 2008, Moore et al. 2009). Environmental conditions such as circulation, 
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temperature, sunlight, nutrients, and salinity as well as the presence of algal predators, parasites 
and algal disease organisms all likely play a role in the formation, magnitude, and persistence of 
blooms. While PSP and ASP toxin levels currently are monitored and reported by WDOH, 
published data regarding spatial and temporal trends in Heterosigma and ulvoid abundances in 
Puget Sound are lacking.  

Summary  

Harmful algal blooms in Puget Sound have been variable over the past two decades, but appear 
to be increasing since WDOH began monitoring in 1957. Current monitoring efforts are not 
sufficient to provide accurate forecasting of ASP and PSP-related bloom events beyond one to 
two weeks, but forecasting could be improved by increased temporal and spatial scale and 
automated devices. While there is emerging concern about blooms of Heterosigma and ulvoids, , 
data that address these concerns currently is lacking for Puget Sound.  
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Dissolved Oxygen (Hypoxia) 
Background  

Hypoxia, defined as dissolved oxygen (DO) concentrations less than 2 mg / L, has become 
widespread throughout estuaries and semi-enclosed seas throughout the world (Diaz 2001). 
While hypoxia may be permanent or intermittent, it is most commonly manifested as a seasonal 
disturbance, appearing in mid- to late summer after vertical stratification prevents replenishment 
of deep water DO. The duration, extent and magnitude of seasonal hypoxia has dramatically 
increased over the past few decades in response to anthropogenic eutrophication (Diaz and 
Rosenberg 2008) and is now a common and regular feature in marine ecosystems that have 
strong vertical stratification and low flushing rates. Additionally, climate change may be altering 
the frequency and intensity of hypoxic conditions in coastal ecosystems (Chan et al. 2008).  

Hypoxia is an important concern because low dissolved oxygen can have direct and indirect 
effects on marine communities and natural resources. Hypoxia and anoxia can be lethal to 
animals when oxygen levels are depleted beyond species physiological tolerances. For sessile 
organisms who have limited capacity to seek out refuges from hypoxia, direct lethal impacts may 
be most severe (Diaz and Rosenberg 1995). Mobile species generally act to minimize exposure 
to low DO through distributional shifts to refuges that have higher DO levels. While these 
responses minimize direct lethal impacts of low DO, they can induce indirect ecological effects 
such as reduced feeding rates, enhanced vulnerability to predators and reduced growth rates 
(Breitburg 1992, Breitburg et al. 1997, Eby and Crowder 2002, Bell et al. 2003, Craig and 
Crowder 2005, Aumann et al. 2006).  

Status of hypoxia in Puget Sound  

In many regions of Puget Sound, low DO is a natural consequence of its deep fjord-like 
bathymetry, where the water column stratification and slow flushing rates lead to long residence 
times of deep water that is not in contact with the atmosphere. However, there is some evidence 
that DO levels were generally higher in the mid 20th century than they are today (Newton et al. 
1995). This conclusion is based on a comparison of historical water quality sampling data to 
contemporary data that used comparable techniques (Figure 1). Changes in the intensity of low 
DO conditions over a time period of increased human activity suggests a role for anthropogenic 
activity in dictating hypoxia.  
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Figure 1. Integrated sub-surface water DO vs. day by sampling year in southern Hood Canal. 
Recent years with very low DO conditions (e.g., 2004, 2006) have no historical precedent over 
the period of record (1952 -1966). Data and analysis from Hood Canal Dissolved Oxygen 
Program: http://www.hoodcanal.washington.edu/. Figure produced by and used with permission 
from M.J. Warner, University of Washington.  

Low dissolved oxygen is present seasonally in Puget Sound at several locations (Figure 2). Much 
of the southern one-half of Hood Canal now regularly experiences hypoxic conditions in mid- to 
late summer. Several regions within the south basin of Puget Sound are also prone to hypoxia 
(Albertson et al. 2007), especially Budd, Carr and Case Inlet (Albertson et al. 2002). Saratoga 
passage also is susceptible to low DO (Figure 2)(Albertson et al. 2002).  
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Figure 2. Washington State Department of Ecology water quality monitoring stations showing 
low (red, < 3 mg /l), stressful (yellow, <5 mg /l) and high (empty circles) DO, 1990-1997. Pink 
circles indicate stations likely to be to have low DO based on physico-chemical characteristics. 
Reprinted from Albertson et al. (2002) with permission from Washington Department of 
Ecology.  

Since the mid-2000’s, there has been a proliferation of monitoring efforts and web-based 
distribution of data, especially for Hood Canal. These include (1) monitoring via citizens that 
provides weekly along 6 stations that transverse Hood Canal (2) deploying of remove ocean 
observing systems (Oceanic Remote Chemical-optical Analyzer, ORCA) that provide high 
frequency monitoring of water conditions (3) routine monitoring via WA Department of Ecology. 
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These data can be downloaded from http://www.hoodcanal.washington.edu/. The expansion of 
data collection capacity has revealed the importance of oceanographic processes for determining 
the spatial patterning and temporal persistence of low DO in Hood Canal (Figure 3). In both 
Hood Canal and South Puget Sound, research activities are presently underway to develop high 
resolution models to predict DO levels and their sensitivity to surface flows and oceanographic 
conditions (Albertson et al. 2007). The below summary emphasizes insights gleaned from the 
study of Hood Canal, only because of the greater concentration of research activity in this basin.  
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Figure 3. Cross sectional profiles of dissolved oxygen (DO) in Hood Canal, April – September 
2007. Hypoxia first emerges at depth in the southern end of Hood Canal, and extends northward 
along the bottom until mid summer. In mid summer, the horizontal extent of hypoxia constricts 
southward but expands vertically through late summer / early autumn. Black bars indicate mean 
water velocities and direction. In the proposed study, the southern impact region spans roughly 
kilometers 70 – 80, while the north unimpacted region extends from 40 – 50. Inset map shows 
location of cross section distance markers (kilometers). Figure produced by Mickett and M.J. 
Warner and used with permission from M.J. Warner, University of Washington. 
http://www.hoodcanal.washington.edu/observations/ccross.jsp.  

Anthropogenic Influences  

Hypoxia is a symptom of eutrophication whereby excessive primary production fuels high rates 
of microbial respiration as sinking organic matter is decomposed in deep waters. Cultural 
eutrophication is caused by anthropogenic loading of nutrients that limited phytoplankton growth; 
in Puget Sound, dissolved inorganic nitrogen (DIN) is the primary limiting nutrient for primary 
producers (Newton et al. 1998). Thus, human activities that increase DIN loading directly 
promote hypoxic conditions. DIN enters the Puget Sound through multiple sources: (1) via the 
surrounding watershed via surface flow, groundwater, wastewater, and shallow septic systems (2) 
from recycling of nutrient from the sediments into the water column; (3) directly from the 
atmosphere and (4) from water exchange with the marine environment. Human activity primarily 
affects watershed-based inputs, although climate change could alter delivery of nitrogen from 
coastal marine waters.  

Three primary anthropogenic activities are thought to be important in changing low DO 
conditions via DIN inputs into Puget Sound. The first is through the conversion of riparian 
vegetation from a community dominated by firs and cedars to one replaced with red alders 
(Busse and Gunkel 2001). As alders host symbiotic microorganisms that have the capacity to fix 
atmospheric nitrogen into a biologically available form, their current abundance may lead to 
increased nitrogen loading. The second is through shallow shoreline septic systems. A mass 
balance estimation of DIN loads to Hood Canal revealed that shallow ground water flow from 
shoreline septic systems contributed less than 5% of the total dissolved inorganic nitrogen to the 
upper water layer (Paulson et al. 2007). The third is from wastewater treatment plant discharge. 
In South Puget Sound, wastewater treatment comprises roughly one-half of the watershed-
derived DIN loading (Roberts et al. 2008), but this component may be larger if water exchange 
with the central Basin is considered (Figure 4)(Roberts et al. 2008). At present, there are no 
published reports or papers that definitively implicate any single source as the most important 
cause of reduced DO.  
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Figure 4. Annual DIN loads from freshwater surface flows and wastewater treatment plants. 
Reprinted from Roberts et al. (2008) with permission from Washington Department of Ecology.  

Impacts on Biota  

Hypoxia has been implicated in shifts in benthic infauna and in the pelagic community. Benthic 
infauna provide the most important source of food for most of the groundfish in Puget Sound so 
changes is these communities may have important ecological consequences. Long et al. (2007) 
demonstrated substantial shifts in community structure associated with water column dissolved 
oxygen levels below 3 mg/L. In general, the overall density of benthic infauna and species 
richness were reduced as dissolved oxygen decreased. Valero et al (2008) compared population 
dynamics of geoduck clams in southern and northern reaches of Hood Canal and implicated 
hypoxia as a significant factor in population declines in the southern region. Parker-Stetter and 
Horne (2009) described shifts in the distribution of pelagic organisms during a period of 
pronounced midwater anoxic zone during 2006, suggesting that severe midwater minimum 
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layers can create a predation refuge for zooplankton. However, in the following year midwater 
oxygen minimum layers did not appear to affect the vertical distribution of fish and invertebrates, 
although it did appear to impact the rate of diel migration (Parker-Stetter et al. 2009). Palsson et 
al. (2008) described substantial vertical distributional shifts of rocky-reef associated fish species 
in response to the low dissolved oxygen event, but also noted that responses varied by species.  

Several fish kill events in southern Hood Canal have been documented (2002, 2003, 2006), all 
occurring in late summer. Fish kill events correspond with a rapid vertical displacement of 
hypoxic / anoxic water, such that mobile fishes are unable to mount behavioral responses quickly 
enough to avoid exposure. The 2003 and 2006 fish kill events were differentiated by the primary 
species affect: copper rockfish were the dominant species affected in the 2003 event, while 
lingcod were more impacted by the 2006 event (Palsson et al. 2008). The ratios of dead : total 
observed copper rockfish ranged from 0 – 26%, while for lingcod these rations ranged from 3 – 
37% (Palsson et al. 2008)  

CONTENT PENDING REVIEW  
Added: 10/7/2010  
Author: Dr. Tim Essington, School of Aquatic and Fisheries Science, University of Washington  
Essington and Paulsen (2010) used a comparative approach to ask whether there was evidence 
of hypoxia on densities of demersal fish and macroinvertebrates in southern Hood Canal. They 
found strong evidence supporting the hypothesis that sessile macroinvertebrate densities are 
strongly reduced by hypoxia: the five main species sampled were generally reduced in 
abundance by ca. 90% compared to what would be expected based from the reference sites. In 
contrast, there was little evidence for persistent density reductions in mobile fauna. However, 
mobile macroinvertebrates and fishes exhibited significant density reductions in southern Hood 
Canal during late summer when hypoxia was present, presumably due to behavioral 
distributional responses that displaced individuals from southern Hood Canal. The large 
reduction in demersal species' densities suggests substantial effects of hypoxia in Hood Canal 
even at oxygen levels that were marginally hypoxic (2 mg / l). They conclude that 
understanding the full ecological consequence of hypoxia will require a greater knowledge on 
the spatial extent of distributional shifts and their effects on competitive and predator–prey 
interactions. 

 

Reference:  
Essington, TE and Paulsen, CE 2010. Quantifying hypoxia impacts on an estuarine demersal 
community using a hierarchical ensemble approach. Ecosystems. 13: published on-line prior to 
print doi:10.1007/s10021-010-9372-z 

 

Uncertainties  

Identifying the ultimate causes of hypoxia and policy responses that might mitigate them remains 
a high priority. Because of high interannual variability, it is not possible to discern whether the 
intensity or spatial extent of hypoxia has been growing over recent years. Moreover, the long-
term effects of regular exposure to seasonal hypoxia on communities and food webs has not yet 
been published. Valuable species such as geoduck clams and Dungeness crabs may be adversely 
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affected by hypoxic conditions, though it is not yet possible to definitively quantify the 
contribution of hypoxia to putative population declines in hypoxia-impacted regions.  
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Eutrophication of Marine Waters 
Background  

Eutrophication of water bodies occurs when high levels of nutrients fuel high rates of primary 
production and accumulation of algal biomass, either as macroalgae or phytoplankton. Some 
ecosystems are naturally eutrophic, but in others human activity causes ecosystems to undergo 
transformations into a eutrophic state. This is termed cultural eutrophication, and is the primary 
concern in evaluating the status of marine waters of Puget Sound.  

The primary cause of cultural eutrophication is human actions (e.g., land use, wastewater, 
agriculture) that increase the loadings of nutrients that limit algal growth (Carpenter et al. 1998). 
In Puget Sound (like many estuaries), dissolved inorganic nitrogen (DIN) is the primary limiting 
nutrient (Newton and Van Voorhis 2002). Research efforts have therefore focused on measuring 
the availability of DIN and on the rates of delivery from alternative sources. In general, DIN in 
Puget Sound can come from (1) the surrounding watershed via surface flow, groundwater, 
wastewater, and shallow septic systems; (2) recycling of nutrients from the sediments into the 
water column; (3) directly from the atmosphere; and (4) exchange with the coastal ocean. Human 
activity primarily affects watershed-based inputs, although climate change could alter delivery of 
nitrogen from coastal marine waters through its effects on coastal upwelling.  

The vulnerability of an ecosystem to cultural eutrophication depends on several factors. 
Generally, strong vertical mixing can act to reduce the effects of nutrient enrichment via 
inducing light limitation on planktonic producers. Many areas of Puget Sound experience regular 
mixing through tidal exchange processes that could act to reduce the effects of anthropogenic 
DIN loading (Figure 1), but some are less well mixed and are therefore vulnerable to 
eutrophication. Such areas tend to be inlets with few freshwater inputs, and deep fjord-like basins 
that have limited exchange with surrounding waters (e.g., Hood Canal, South Puget Sound; 
Figure 1). A second major consideration is the extent to which primary production is already 
limited by DIN. This depends in large part on the availability of N from other sources: if DIN 
supply from other sources is relatively large, impacts of smaller additions of total N from 
anthropogenic sources may be relatively small. In Puget Sound, much of the DIN derives from 
exchange with coastal marine waters via exchanges in the Strait of Juan de Fuca and 
subsequently in the major sub-basins of Puget Sound (Mackas and Harrison 1997). A final 
consideration is the residence time of surface waters: if systems are rapidly flushed then surface 
waters containing anthropogenic DIN will be displaced quickly.  



April 2011 Puget Sound Science Update  Page 369  Puget Sound Partnership 

 

Figure 1. Sampling stations containing strong and persistent vertical stratification (red), based on 
WA Department of Ecology and PRISM data. Sites denoted by yellow and green are at lower 
risk of eutrophication. Reprinted from U.S. E.P.A. Region 10 Puget Sound Georgia Basin 
Ecosystem Indicators (for supporting references, see U.S. Environmental Protection Agency 
(2006).  
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In Puget Sound, the extent of DIN- limitation on algae varies strongly with space and time 
(Newton and Van Voorhis 2002) (Figure 2). In general, response of phytoplankton to nutrient 
enrichment is greatest during May – Aug. Nutrient responses in these months correspond to a 
drawing down of available DIN in the surface mixed layer during the spring, when 
phytoplankton production and standing stocks are the greatest (Newton and Van Voorhis 2002, 
Stark et al. 2008) (Figure 3a, 3b).  

 

Figure 2. Change in phytoplankton production (production : biomass; PB) in response to nutrient 
spike. Bars represent averages taken over multiple sites. Nutrient limitation is greatest in May - 
August. Reprinted from Newton and Van Voorhis (2002) with permission from Washington 
Department of Ecology.  
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Figure 3a. Seasonal patterns of primary productivity, Chl.A and DIN at four sites, 1998 -2001. 
Reprinted from Newton and Van Voorhis (2002) with permission from Washington Department 
of Ecology.  
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Figure 3b. Seasonal patterns of chlorophyll level and Nitrate/ Nitrite at Point Wells monitoring 
station, 2005-2007. Phytoplankton blooms are associated with a draw down of available DIN. 
Reprinted from Stark et al. (2008) with permission from King County Department of Natural 
Resources and Parks.  

Monitoring Programs  

Several entities conduct regular water quality monitoring within Puget Sound. The Washington 
State Department of Ecology conducts monthly sampling at several sites throughout Puget Sound 
(Figure 4). King County conducts monthly sampling at 14 offshore stations and 18 beach / 
nearshore stations in Central Puget Sound. The University of Washington PRISM program 
conducts biannual sampling at 39 stations throughout Puget Sound (Figure 5). The Hood Canal 
Dissolved Oxygen Program maintains 4 moorings that provide high-frequency monitoring of 
water quality conditions, and King County maintains three active moorings in central Puget 
Sound. Although the design of some of these monitoring programs have evolved over time to 
adapt to emerging issues, core sites have been maintained so that long-term trends can be 
evaluated(Newton et al. 2002). Detailed QA/ QC procedures for many of these programs are well 
documented (Washington State Department of Ecology 2006b, Albertson et al. 2007a).  
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Figure 4. Location of Department of Ecology sampling sites. Used with permission from 
Department of Ecology.  
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Figure 5. Location of PRISM sampling sites. Used with permission from University of 
Washington, publisher of web pages for Hood Canal Dissolved Oxygen Program.  

Status and Trends  

Several groups synthesize monitoring information to evaluate the status of eutrophic conditions 
throughout Puget Sound and in specific regions that are particularly vulnerable to eutrophication. 
King County uses a modified version of the Oregon Water Quality Index (Cude 2001) to 
combine information on dissolved oxygen, DIN and strength of vertical stratification to derive a 
single number that can be used to assess high to moderate eutrophication risk. In central Puget 
Sound, index values have been low since 2004 (the first year the index was calculated), except 
for 2007 when about 20% of the sampling sites showed moderate or high risk. We are unaware 
of any review process that evaluates the effectiveness of this modified index for predicting the 
onset of eutrophic conditions. The Department of Ecology published regular updates of their 
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monitoring program up to 2002 (Newton et al. 2002) but no longer continues that reporting 
format. The Department of Ecology internet portal provides direct access to monitoring data and 
the results of a ranking algorithm by area for multiple water and sediment quality metrics 
(Washington State Department of Ecology 2006a).The most recent assessment year is 2008 and 
the 2010 assessment is scheduled to be complete by September 2010. Briefly, this index scores 
sample sites on a scale from 1 to 5. Scores of 1 to 3 indicate no water quality impairment, while 
scores of 4 and 5 indicated impairment. A score of 5 triggers action regarding Total Maximum 
Daily Loads. No synthetic analysis of the spatio-temporal extent of regions scoring 5 on this 
scale has been conducted, although the previous iteration of the Puget Sound Science Update 
reported DO levels at DOE monitoring stations that had very low (< 3 mg /l), low (2 mg /l = 5 
mg / l ) and high (>5 mg /l) DO levels. In a review of estuarine conditions nationwide, Bricker et 
al. (2007) reported moderate to high levels of eutrophication in several regions of Puget Sound 
and high risk for worsening conditions in Hood Canal and South Puget Sound (Table 1). These 
rankings are based on surveys rather than an explicit and consistent data analysis effort. 
Albertson et al. (2002) demonstrated eutrophication symptoms in several regions throughout 
south Puget Sound (Figure 6). Eutrophication in southern Hood Canal has been well documented 
(Newton 2007) (see Dissolved Oxygen).  

Table 1. Summary of current status, future outlook and status of influencing factors by location, 
From Bricker et al. 2007. Status levels and risk are assigned based on surveys of local experts, 
not on quantitatively defined categories.  

   Influencing 
Factors  Eutrophic 

Conditions  Future Outlook (risk of 
worsening conditions)  

Central Puget Sound  Unknown  Moderate  Unknown  
South Puget Sound  Unknown  Moderate  High  
Skagit Bay / 
Whidbey Basin  Unknown  Moderate  Unknown  

Hood Canal  High  High  High  
Sequim / Discovery 
Bay  Unknown  Moderate / High  Unknown  

Port Orchard Sound  Unknown  Moderate  Unknown  
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Figure 6. Summertime water clarity in South Puget Sound, 2006 – 2007. Dark points indicate 
sites with reduced frequencies of high water clarity. Reprinted from Albertson et al. (2002) with 
permission from Washington Department of Ecology.  

Uncertainties  

Ongoing research is working to develop detailed biophysical models of Puget Sound that will be 
useful for gauging the contributions of human activities to changes in trophic status of Puget 
Sound (Albertson et al. 2007b) and for identifying the most effective policy interventions to 
prevent worsening conditions. Our present understanding of the threats to Puget Sound is 
sufficient for identifying areas at risk of cultural eutrophication on the basis of stratification 
intensity and surface water residence time. We are aware that the Washington State Department 
of Ecology is presently developing a novel water quality index that may be effective in gauging 
the current water quality status throughout Puget Sound. Mapping this and other indices against 
the indicators used in NOAA’s national assessment may permit comparisons across ecosystems 
to better gauge the status of Puget Sound. Future eutrophication status may be affected by 
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climate change through its effects on coastal upwelling intensity, ambient air temperature and 
timing of freshwater flows.  
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Marine Fecal Bacteria 
Background  

Fecal bacteria are found in the feces of humans and other homeothermic animals. They are 
monitored in recreational waters because they are good indicators of harmful pathogens that are 
more difficult to measure. The two types of fecal bacteria monitored in Puget Sound are fecal 
coliforms (including E. coli), which are gram-negative rod-shaped bacteria, and enterococci, 
which are gram-positive spherical bacteria. While fecal coliforms are more commonly monitored, 
enterococci are also measured because they have higher survival in salt water than coliforms and 
because they are thought to be more tightly associated with pathogens harmful to humans 
(Wymer et al. 2005). In Puget Sound, fecal pollution comes from both point-source origins such 
as combined sewer overflows and direct marine effluent discharge as well as non point-source 
origins such as surface water runoff, both of which increase with rainfall and river and stream 
discharge. In addition to serving as an indicator of pathogens, fecal bacterial pollution can also 
be an indicator of nutrient loading because sewage often contains high levels of nitrogen and 
phosphorous (Taslakian and Hardy 1976, Costanzo et al. 2001). Both point source (failing septic 
systems) and non-point sources (landscape features) contribute to fecal bacterial levels in Puget 
Sound. Additionally, shoreline and basin hydrology can affect the degree of retention of fecal 
coliform pollution such that bacteria may dissipate more slowly in enclosed bays with 
diminished water turnover. There currently are approximately 60 permitted wastewater treatment 
discharge locations in Puget Sound (Stark et al. 2009) (Figure 1) as well as numerous other storm 
drain and outfall locations.  
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Figure 1. Puget Sound wastewater treatment plant marine discharge locations (reprinted form 
Stark et al. 2009 with permission from King County Department of Natural Resources and 
Parks).  

In Puget Sound, monitoring of fecal bacteria is conducted by the Washington Department of 
Health, the Washington Department of Ecology and King County as part of the Puget Sound 
Ambient Monitoring Project (PSAMP) as well as other local municipalities. The Department of 
Ecology conducts monthly offshore surveys and assesses both fecal coliforms and enterococci at 
approximately 40 permanent stations along with a suite of locations that rotate each year (Janzen 
1992, Newton et al. 2002)(Figure 2). The Department of Health (DOH) monitors fecal coliforms 
at 97 commercial shellfish growing areas in Puget Sound (Figure 3). The King County 
Department of Natural Resources and Parks monitors a combination of inshore and offshore 
targeted point-source (waste-water discharge) and ambient stations throughout central Puget 
Sound. The EPA-funded and jointly run (Departments of Health and Ecology) Beach 
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Environmental Assessment, Communication and Health (BEACH) program monitors and reports 
on enterococci levels at marine swimming beaches throughout Puget Sound.  

 

Figure 2. Department of Ecology Marine Waters monitoring stations and maximum fecal 
coliform bacteria levels (High, Moderate and Low detected Colony Forming Units) from 2001 – 
2005 (reprinted from PSP 2007; methodology from Janzen 1992, Newton et al. 2002).  
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Figure 3. Commercial shellfish growing areas monitored by the Department of Health in 2007 
with fecal pollution levels measured in Most Probable Number (MPN)/100m. Pie charts show 
the proportion of samples at each location with Good (≤ 30 MPN/100mL), Fair (>3 and ≤ 43 
MPN/100mL) and Bad( > 43 MPN/100mL) fecal pollution levels (reprinted from Determan 
2009; courtesy of Washington State Department of Health Shellfish Program).  

Monitoring by all agencies is conducted with the intent of determining whether bacterial counts 
meet or exceed established critical levels. For fecal coliforms, the State of Washington (WAC 
173-201, 1991) mandates that in class A and AA marine waters, bacterial counts should not 
exceed a geometric mean of 14 organisms/100mL with no more than 10 % exceeding 43 
organisms/100mL (Newton et al. 2002). Similar standards for coliforms are mandated by the 
National Shellfish Sanitation Program (NSSP) for shellfish growing areas such that the 
geometric mean of an area cannot exceed 14 organisms/100mL or that the estimated 90th 
percentile cannot exceed 43 organisms for cases where only non-point sources are present. For 
enterococci, the minimum advisory standard recommended by the EPA for recreational beaches 
is 35 colonies/100mL (Schneider 2002, Wymer et al. 2005). Fecal coliform levels are also a 
component of Federal Clean Water Act standards. Two agencies, the Department of Health 
(Determan 2009) and King County (Stark et al. 2009), have developed indices to rank sites 
according to the frequency and intensity of increases above Washington State standards in 
observed fecal coliform levels.  

Status and Trends  

The most recently reported assessment of fecal coliforms by the Department of Ecology 
monitoring program revealed that the highest levels of coliforms were observed in Budd Inlet, 
Commencement Bay, Oakland Bay, Port Angeles Harbor, Possession Sound and Elliot Bay from 
2001 – 2005 (Janzen 1992, methodology from Newton et al. 2002, reported in PSP 2007)(Figure 
2). Of the 97 shellfish growing areas tested by the Department of Health in 2007, the highest 
fecal pollution levels were found in Filucy Bay, Drayton Harbor, Burley Lagoon and Port Susan 
(Determan 2009)(Figures 3, 4). Using a calculated Fecal Pollution Index, which integrates the 
frequency and intensity of events of elevated fecal coliform levels and ranges from 1 to 3, they 
found that the sound-wide FPI was 1.16 (Determan 2009). A trend analysis showed that the 
sound-wide FPI had not changed significantly from 1998 – 2007 (Determan 2009)(Figure 5). 
The Frequency of Exceedence (FOE) index of fecal coliform bacteria utilized by the King 
County shellfish area monitoring program identified Alki Point, Shilshole Bay, Fauntleroy Cove, 
Magnolia and Inner Elliott Bay as the locations with the highest FOE in 2004 (reported in PSP 
2007, methodology from Stark et al. 2009)(Figure 1). The most recent enterococci levels 
reported by the BEACH program showed that of the 70 beaches monitored in 2004 and 2005, the 
highest number of exceedances were in locations that were largely on septic systems such as 
Birch Bay County Park and Bayview State Park, in enclosed bays such as Freeland Park as well 
as beaches in Sinclair and Dyes Inlets and Twanoh State Park (methodology from Schneider 
2004, reported in PSP 2007)(Figure 7).  
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Figure 4. Department of Health rankings of 36 commercial shellfish growing areas in Puget 
Sound according to the fecal pollution index in 2007 (reprinted from Determan 2009; courtesy of 
Washington State Department of Health Shellfish Program).  
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Figure 5. Fecal pollution index at commercial growing areas monitored by the Department of 
Health in Puget Sound from 1998 – 2007 (reprinted from Determan 2009; courtesy of 
Washington State Department of Health Shellfish Program).  
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Figure 6. Frequency Of Exceedence (FOE) index of fecal coliform bacteria from offshore and 
beach stations monitored by King County Department of Natural Resources and Parks in 2004 
(reprinted from PSP 2007; methodology from Stark et al. 2009).  
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Figure 7. Monitoring sites for enterococci bacteria by the BEACH program (jointly run by the 
Department of Ecology and the Department of Health) and the number of times enterococci 
levels location exceeded program-defined guidelines (reprinted from PSP 2007; methodology 
from Schneider 2002, 2004).  

Uncertainties  

While fecal coliform levels in Puget Sound are well documented, disparate data sources make 
understanding broad spatial and temporal trends challenging, thereby obscuring potentially 
important patterns. Local hydrology, water temperature and salinity may all affect the persistence 
of fecal coliforms in Puget Sound yet this has not been investigated. Finally, the relative 
contribution of pet waste to overall fecal coliforms levels in Puget Sound has not been examined 
yet disease transfer from domestic pets to mammalian wildlife by this mechanism has been 
shown in other systems (Miller et al. 2002).  

Summary  

Considerable monitoring effort contributes to the assessment of fecal bacteria in Puget Sound. 
No single area or basin of Puget Sound was identified as consistently having the highest fecal 
coliform levels. A single analysis evaluating spatial and temporal trends based on all available 
data sources for fecal bacteria in Puget Sound has not been conducted.  
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Water Quantity 
 

Here we provide a limited synthesis of stream gauge data to examine trends in freshwater flows 
with respect to annual and daily flows, timing of flow, low flows and flows relative to instream 
flow guidelines. This is intended to supplement a review of published information, but we 
caution that a full analysis of these data and appropriate vetting of methods and interpretations is 
needed to fully assess the status of freshwater flows. It is our intention that this data compilation 
and analysis be used to identify data limitations and other key uncertainties with respect to the 
Puget Sound Partnership Water Quantity Priorities.  

Data sources  

There are approximately 90 gauging stations overseen by the United States Geological Survey 
(USGS) in the Puget Sound basin that are located on unregulated reaches of rivers and streams 
that may be suitable for the analysis of streamflow status and trends (United States Geological 
Survey 2010b). A complete analysis of all available data was not performed for this report. 
Instead, data from at least one unregulated gauging station within each Water Resource 
Inventory Area (WRIA) were included whenever possible. This selection was based on the intent 
to capture broad regional coverage.  

We included all data from available gauging stations on unregulated reaches in the Skagit River 
basin in order to determine whether there were basin-wide correlations in the hydrologic 
indicators. Previous reports have combined streamflow data from several rivers to evaluate 
regional trends (Puget Sound Partnership 2009). A strong correlation between stream and rivers 
within the same basin could suggest that this is a valid approach. We review evidence for 
correlation here using simple descriptive statistics, but emphasize that a more rigorous analysis is 
warranted.  
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1. Flow Timing 
Background  

Puget Sound river hydrology could be affected by climate change. Precipitation in the region 
occurs predominately in the winter months. The accumulation of snow in the mountains is a 
primary storage mechanism, particularly for the snowmelt-dominated and transitional river 
systems. It has been estimated that more than 70% of total stream discharge in the Western 
United States is from melting snowpack (1996). An estimated 27% of summer streamflow of the 
Nooksack River originates from high-elevation snowshed and glacier-derived meltwater (Bach 
2002). Climate change assessments predict increased winter and spring temperatures, resulting in 
decreased snowpack storage in the mountains, increased winter runoff as more precipitation falls 
as rain, and lower summer flows (Hamlet and Lettenmaier 1999, Lettenmaier et al. 1999, Mote et 
al. 1999, Leung et al. 2004, Barnett et al. 2008). Climate change may force rivers with snowmelt-
dominated and transitional hydrological flow patterns towards rainfall-dominated hydrology 
(Mote et al. 1999). These changes are measurable through flow timing metrics, including the 
timing of the center of mass of annual flow (CT).  

Prediction of the regional impacts of climate change on river and stream hydrology can be 
confounded by typical variation in rainfall patterns, high geographic variability, and land use 
changes. At least two large-scale systems affect annual climate variations in the Pacific 
Northwest (Mote 2003). These are the El Niño/Southern Oscillation, with a period of 2 to 7 years, 
and the Pacific Decadal Oscillation (PDO), with an estimated period of 20 to 30 years. Warm 
and cool phases of the El Niño/Southern Oscillation and/or Pacific Decadal Oscillation can result 
in variations on the order of 1°C for temperature, and 20% for precipitation (Mote et al. 2003). 
Hamlet et al. (2005) utilized a Variable Infiltration Capacity model to discern long-term trends in 
spring snowpack and snowmelt timing, decadal temperature and precipitation variability. They 
found that the date on which 90% snowmelt occurred correlated strongly with winter 
temperatures in the Pacific Northwest, and that there was a long-term warming trend that was not 
associated with decadal oscillations. In a subsequent study, Hamlet et al. (2007) specifically 
investigated the relationship between temperature, precipitation, and runoff timing in the western 
United States and found that in warmer areas, including the Pacific Northwest, fractional 
streamflow tended to occur earlier in the year (Hamlet et al. 2007). Mote et al. (2008) concluded 
that the primary factor in decreasing snowpack in the Washington Cascades was rising 
temperatures, consistent with the global warming. The long-term snowpack trends were 
unrelated to the variability brought about by Pacific oscillations.  

Stewart et al. (2004) investigated historical (1948-2000) and projected future streamflow timing 
in snowmelt dominated rivers and streams in the Western United States. They found significant 
trends towards earlier runoff in many rivers and streams in the Pacific Northwest. Utilizing a 
‘business-as-usual’ emissions scenario with a Parallel Climate Model, they predicted a 
continuation of this trend, largely due to increased winter and spring temperatures, but not 
changes in precipitation. In a companion study they further analyzed the trends in streamflow 
timing with variations of the PDO (Stewart et al. 2005). While streamflow timing was partially 
controlled by the PDO, there remained a significant part of the variation in timing that was 
explained by a longer-term warming trend in spring temperatures. This suggests that earlier 
seasonal flows may be associated with warming.  
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In addition to accelerated spring snowmelt, the shift toward earlier runoff timing can be 
attributed to a larger fraction of winter precipitation occurring as rain instead of snow. Knowles 
et al.(2006) evaluated data from the western United States and found a decreasing fraction of 
winter precipitation falling as snow. The largest decreases occurred in warmer winter areas, such 
as the Pacific Northwest, where relatively small increases in temperature would result in the 
transition from snowfall to rainfall, resulting in less snowpack and earlier runoff timing 
(Knowles et al. 2006).  

Using a multivariate analysis, Barnett et al. (2008) evaluated simultaneous changes in average 
winter temperature, snow pack, and runoff timing in the Western United States (including the 
Washington Cascades) for the period from 1950 – 1999. They found significant increasing trends 
in winter temperature, and decreasing trends in snow pack and runoff timing (indicating earlier 
snowmelt) and that this was mostly like driven by anthropogenic forcing (Barnett et al. 2008).  

Recently, the Climate Impacts Group at the University of Washington performed The 
Washington Climate Change Impact Assessment. The assessment included analyses of 
hydrology and water resource management in which they utilized results from 20 global climate 
models and two emissions scenarios from the IPCC Special Report on Emissions Scenarios 
(A1B and B1) to evaluate projected changes in spring snowpack and runoff (Elsner et al. 2009). 
For the rivers in the Puget Sound basin they found a dramatic decrease in spring snowpack, with 
almost no April 1 snowpack by 2080. During that period, river hydrographs progressively 
changed from transition or snow-rain dominated to rain dominated patterns. There was little 
predicted change in annual precipitation.  

The observed and predicted changes in river flow regime described above can affect water 
resource management in the Pacific Northwest where systems have been designed based on 
historical flow patterns (Lettenmaier et al. 1999, Milly et al. 2008). Wiley and Palmer(2008) 
utilized a three-stage modeling approach to evaluate the potential impacts of climate change on 
the Seattle water supply system. They found a decreasing annual system yield (the amount of 
water that can be reliably supplied by a system) largely due to earlier runoff and decreasing 
water storage in the mountain snowpack. Vano et al. (2009) expanded this analysis to include the 
Everett and Tacoma water systems. They found that altered flow regimes likely will reduce the 
reliability of all three systems, particularly in the face of increasing demand, and could affect 
ancillary operations such as flood control, power generation, and the augmentation of 
environmental flows.  

Several measures of flow timing exist. One measure of river flow timing is centroid timing (CT), 
calculated by Stewart et al. (2005) and Elsner et al. (2009):  

where: qi=daily flow and ti=number of days past the beginning of the water year.  

The centroid of flow measure is relatively insensitive to false interannual variations, is easy to 
calculate, and allows for easy comparisons of basins (Stewart et al. 2004).  

There are approximately 90 gauging stations overseen by the United States Geological Survey 
(USGS) in the Puget Sound basin that are located on unregulated reaches of rivers and streams, 



April 2011 Puget Sound Science Update  Page 392  Puget Sound Partnership 

which may be suitable for the analysis of streamflow status and trends (USGS Water Center); a 
list is provided in Chapter 1 of this report. A complete analysis of all of the available data was 
not performed for the purposes of this report. However, data from at least one unregulated 
gauging station within each Water Resource Inventory Area (WRIA) was included where 
possible in order to coarsely approximate a regional scale.  

Data from all available gauging stations on unregulated reaches in the Skagit River basin were 
included in this analysis in order to evaluate whether there existed any basin-wide correlations in 
the hydrologic indicators. Previous reports have combined streamflow data from several rivers to 
evaluate regional trends (PSP 2009). A strong correlation between stream and rivers within the 
same basin would indicate that this is a valid approach.  

Status  

Centroid timing values were calculated using gauge data from 14 different locations on 
unregulated rivers within the Puget Sound basin, in order to evaluate the status and trends of 
streamflow timing within the region. The results are shown in Table 1. The Pearson’s Correlation 
Coefficients for the annual CT are shown in Table 2.  

Table 1. Calculated centroid of flow timing (CT) and trends in CT for unregulated rivers and 
streams in the Puget Sound  
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Table 2. Pearson's Correlation Coefficient for annual CT for rivers within WRIA 3/4.  

   Lower Sauk  Upper Sauk  Thunder  Cascade  Newhalem  Samish  
Lower Sauk     0.98  0.85  0.97  0.94  0.59  
Upper Sauk        0.85  0.96  0.95  0.52  
Thunder           0.88  0.85  0.54  
Cascade              0.88  0.59  
Newhalem                 0.65  

Note: All Peasrosn’s correlation coefficients are significantly different than 0.  
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There appears to be a relatively strong correlation for this particular metric in flows within the 
Skagit River basin (r>0.85). The correlation between the rivers in the Skagit River Basin and the 
Samish River is less robust (r<0.65).  

Trends  

Annual CT values were calculated for the water years with complete data sets for 14 gauge 
stations in the Puget Sound. The trend of CT versus time was determined using simple linear 
regression. The significance of the trends were determined by evaluating the probability that the 
slope of the trendline was significantly different than zero. Results are shown in Table 1. The 
rivers with significant trends (P<0.05; Lower Sauk, Upper Sauk, Newhalem, NF Stillaguamish, 
and Skykomish) all showed an annual decrease in flow timing indicating that peak flows occur 
earlier in the year (Table 1). There were no rivers with significant trends indicating later flows. 
Overall, the centroid of flow timing occurred from 1.5-4 days earlier per decade. Data from two 
of the three rainfall-dominated river systems (Samish and Deschutes) and the single snowmelt-
dominated river (Thunder) indicated no significant change in streamflow timing (P>0.05; Table 
1).  

Uncertainties  

The analysis presented above was derived from data in the public domain. The values and trends 
for CT were calculated from average daily discharge data from USGS station located in the 
Puget Sound region (United States Geological Survey 2010b). The datasets include qualification 
codes indicating whether data are provisional or have been approved (United States Geological 
Survey 2010a). We avoided using provisional data in this analysis, and we omitted data from 
gauging stations for which advisory notes warning against unreliable data quality had been 
posted. Average daily discharge data for each water year (October 1 – September 30) were used 
to calculate the CT. The existence of trends was determined by evaluating the probability of the 
slope of the CT versus year, as determined through simple linear regression; trends were those 
with slope significantly different than zero (P<0.05).  

Due to interannual variation, the selection of the beginning and ending years of streamflow data 
may affect the significance of the trend reported in Table 1 . Konrad et al. (2002) used both 
parametric and nonparametric tests and found a high likelihood of Type I errors when using 10-
year streamflow records to evaluate long-term trends. In this evaluation we used a minimum 
record length of 37 years; the shortest record that resulted in a significant trend was 47 years.  

The significance of the Pearson’s correlation coefficient was determined by calculating the 
probability that the correlation was different than zero based on the value of the correlation and 
the sample size. A significant correlation does not indicate a strong correlation.  

Summary  

Of the fourteen data sets analyzed, four showed significant decreasing trends, indicating flow 
timing earlier in the water year. The rate of timing change was from 1.5-4 days per decade. The 
other ten data sets showed no significant trends.  
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There was significant variation in the flow timing data sets. However, there was a strong 
correlation in CT between rivers within the Skagit River basin (Pearson’s r>0.85). The 
correlation between the CT of the Samish river and the rivers in the Skagit River basin was 
weaker (Pearson’s r<0.65).  

The CT could be a useful indicator of hydrologic alteration. It allows the tracking of potential 
changes due to climate, allows comparison of trends across different river systems, and is of 
importance to water resources managers. It may be more valuable when combined with other 
indicators of hydrologic alteration to give a more complete picture of streamflow patterns.  
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Average Annual Flow 
Background  

Average annual flow rate can be affected by changes in precipitation. Analysis of historical 
precipitation data suggests that significant trends in historical rainfall patterns associated with 
climate change in the Pacific Northwest are not detectable (Hamlet et al. 2005, Mote et al. 2005, 
Hamlet and Lettenmaier 2007, Hamlet et al. 2007). Climate change modeling suggests that there 
may be only modest increases in annual precipitation by 2080 (Elsner et al. 2009). Annual 
rainfall has been shown to be correlated with the Pacific Decadal Oscillation and El Nino 
Southern Oscillation, and variations in rainfall patterns may have increased in recent years 
(Hamlet and Lettenmaier 2007, Luce and Holden 2009). Increases in the variability of rainfall 
and streamflow in the Pacific Northwest may put pressure on water supply systems, which were 
designed based on historical variations (Jain et al. 2005, Hamlet and Lettenmaier 2007). One 
analysis (Pagano and Garen 2005) suggested that low-flow years were more likely to occur in 
succession, potentially exacerbating water supply pressures.  

Luce and Holden (2009) utilized quartile regression to investigate trends in streamflow in wet 
(75th percentile), dry (25th percentile), and average (50th percentile) water years in rivers in the 
Pacific Northwest. They concluded that the dry years were getting dryer in the Pacific Northwest, 
accounting for much of the increased variability in annual streamflow.  

Average annual flow may also be affected by land use changes. Logging in watersheds can 
reduce evapo-transpiration resulting in increased annual flows (Bosch and Hewlett 1982). 
Results from modeling studies suggest there is an increase in annual mean streamflow due to 
land use change in the Puget Sound lowlands (Cuo et al. 2009). The construction of storm drains 
associated with urbanization may result in lower streamflows (Simmons and Reynolds 1982). 
Increased diversions and consumptive uses may also result in lower overall streamflows.  

Status and Trends  

Data from the Cedar River (below Bear Creek, near Cedar Falls) indicated a significant decrease 
in annual average streamflow from 1946-2009 (p=0.03; ca. 0.3% yr-1 decrease; Table 1). No 
other river systems showed a significant change in annual average streamflow (Table 1). The 
Pearson’s Correlation Coefficients for the average annual flow rate between the river systems in 
WRIA 3/4 indicate that there is a strong linear correlation between the annual average flow rates 
of the rivers evaluated (r>0.83; Table 2). There was a somewhat weaker correlation (0.68<r<0.81) 
between the Samish River and the rivers of the Skagit River basin,,all of which lie within WRIA 
3/4.  

Table 1. Average annual flow rate in cubic feet per second (CFS) and annual change in average 
flow rate as determined by simple linear regression (±standard error). Data from USGS 
Washington Water Science Center (http://wa.water.usgs.gov/)  
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Table 2. Pearson's Correlation Coefficient of annual average flow rates between river systems in 
WRIA 3/4. All correlations are significantly different than zero (P<0.05).  
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   Lower Sauk  Upper Sauk  Thunder  Cascade  Newhalem  Samish  
Lower Sauk     0.98  0.85  0.97  0.94  0.81  
Upper Sauk        0.83  0.97  0.94  0.75  
Thunder           0.87  0.86  0.68  
Cascade              0.87  0.73  
Newhalem                 0.73  

Uncertainties  

This analysis was derived from data within the public domain. Average annual flow data 
presented were calculated from average daily discharge data from USGS stations located in the 
Puget Sound region (United States Geological Survey 2010b). The datasets include qualification 
codes indicating whether data are provisional or have been approved (United States Geological 
Survey 2010a). We avoided using provisional data in this analysis, and we omitted data from 
gauging stations for which advisory notes warning against unreliable data quality had been 
posted.  

Average daily discharge data for each water year (October 1 – September 30) were used to 
calculate annual average flow rates. Trends were determined by evaluating the probability that 
the slope of the average annual flow versus year, as determined through simple linear regression, 
was significantly different than zero (p<0.05).  

The significance of the Pearson’s correlation coefficient was determined by calculating the 
probability that the correlation was different than zero based on the value of the correlation and 
the sample size. A significant correlation does not indicate a strong correlation.  

Summary  

Of the 14 locations analyzed, only one showed a significant change in overall annual flow. All 
other results were not significant (p>0.10). Annual Average Flow rates are informative when 
used in combination with other hydrologic indicators such as summer low flows and indicator of 
flow timing.  
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Average Daily Flow 

Background  

Streamflow patterns in Puget Sound rivers and streams are classified into three hydrologic 
regimes: snowmelt dominated, rainfall dominated, and transitional (Stewart et al. 2005, Beechie 
et al. 2006, Elsner et al. 2009). Generally, in snowmelt-dominated rivers, a significant proportion 
of winter precipitation is stored as snowpack, resulting in low winter flows with peak flows 
during the spring snowmelt period from April through July. Rainfall-dominated rivers experience 
peak flow during the winter months as the majority of precipitation falls as rain. Transitional 
rivers experience both winter and spring peak flows resulting from winter precipitation and 
spring snowmelt. Hydrologic flow regimes in Puget Sound rivers have been altered through the 
construction of dams for flood control or power generation, or by changes in land cover and 
climate. Alteration of historical flow patterns can cause ecological harm and disrupt supply (Poff 
et al. 1997, Wiley and Palmer 2008).  

Barnett et al. (2008) utilized a multivariate analysis to evaluate simultaneous changes in average 
winter temperature, snow pack, and runoff timing in the Western United States (including the 
Washington Cascades) for the period from 1950 – 1999. They found significant increasing trends 
in winter temperature and decreasing trends in snow pack and runoff timing (indicating earlier 
snowmelt). In order to distinguish natural variation from anthropogenic forcing, they evaluated 
the observations against two separate climate models and found that the hydrologic changes were 
both detectable and attributable to anthropogenic forcings.  

Stewart et al. (2004) investigated historic (1948-2000) and future streamflow timing in snowmelt 
dominated rivers and streams in the Western United States. They found significant trends 
towards earlier runoff in many rivers and streams in the Pacific Northwest. Utilizing a ‘business-
as-usual’ emissions scenario with a Parallel Climate Model, they predicted continuation of this 
trend, due largely to increased winter and spring temperatures but not changes in precipitation. In 
a companion study they further analyzed the trends in streamflow timing with variations of the 
PDO (Stewart et al. 2005). While streamflow timing was partially controlled by the PDO there 
remained a substantial portion of the variation in timing that was explained by a longer-term 
warming trend in spring temperatures.  

The Climate Impact Group at the University of Washington performed The Washington Climate 
Change Impact Assessment. The assessment included analyses of hydrology and water resource 
management utilizing results from 20 global climate models and two emissions scenarios from 
the IPCC Special Report on Emissions Scenarios (A1B and B1) to evaluate projected changes in 
spring snowpack and runoff (Elsner et al. 2009). For the rivers in the Puget Sound basin, they 
found a dramatic decrease in spring snowpack with there being almost no April 1 snowpack by 
2080. Change in snowpack was correlated with a predicted change in river hydrography, from 
transition- or snow-rain dominated, to rain dominated patterns. There was little predicted change 
in annual precipitation.  
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Status and Trends  

River hydrographs showing average annual daily flow from the initiative of observation through 
1968, and from 1984 through 2009 are presented in Figure 1. Much of the warming trend 
observed in the Pacific Northwest has occurred since 1975 (Hamlet and Lettenmaier 2007). 
Comparing the streamflow patterns before and after this period could indicate effects of climate 
change.  
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Figure 1. Average daily flow shown for historic (pre 1970’s) and recent (mid-1980s to present) 
time period for 14 Puget Sound rivers. The time period varies slightly between river systems 
based on availability of data. Colored lines show average daily flow averaged over time period 
indicated in each of the chart title. Dark lines are 14-day smoothed averages for historic (dashed) 
or recent (solid) time periods. Data taken from United States Geological Service.  

There is considerable variation even in averaged data which makes the detection of long-term 
trends problematic. However, the following generalities emerge. First, there has been little 
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change in hydrologic patterns in rainfall-dominated rivers (Samish, Stillaguamish, and Deschutes) 
or in the snowmelt-dominated river (Thunder Creek). It is possible that consistent glacier melt 
contributed to the stable patterns in the latter river. However, there was an observable decline in 
spring peak flows in all of the transitional rivers (Nooksack, Sauk, Newhalem Creek, Skykomish, 
Upper Cedar, Upper Puyallup, Upper Nisqually, and Duckabush). Moreover, there appears to be 
a decline in the magnitude of the summer 7-day average low flows.  

Uncertainties  

The analysis presented above was derived from data in the public domain. Hydrographs were 
created utilizing average daily discharge data from USGS stations located in the Puget Sound 
region (United States Geological Survey 2010b). The datasets include qualification codes 
indicating whether data are provisional or have been approved (United States Geological Survey 
2010a). We avoided using provisional data in this analysis, and we omitted data from gauging 
stations for which advisory notes warning against unreliable data quality had been posted.  

The analysis in this section is qualitative and intended to illustrate potential changes in 
streamflow patters over time. Consequently, statistical significance was not determined. Specific 
streamflow measures, such as annual 7-day average low flow, or centroid of flow timing, are 
quantitative measures that can be evaluated statistically and are presented elsewhere in this 
document.  

Summary  

There is some evidence for changes in transitional river systems over time, indicated primarily as 
decreasing magnitude of the spring snowmelt peak flows. This is consistent with published 
predictions for the western North America. There also appears to be a decrease in the magnitude 
of summer low flows in transitional river systems. There was less evidence for change in daily 
flow patterns for rainfall-dominated or snowmelt-dominated river systems. Because of variation 
in hydrologic alteration, particularly between rivers or streams of differing classifications, 
combining streamflow information across multiple streams to evaluate general status and trends 
may not be appropriate and results should be interpreted with caution.  
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Seven‐day Average Low Flow 
Background  

The hydrologic regime of rivers and streams in the Puget Sound is characterized by peak flows 
during the winter as a result of heavy precipitation, or during the spring due to snowmelt runoff. 
Base flows during the summer are low, consisting mainly of groundwater discharge. Base flows 
can be affected by climate change, urbanization, or groundwater withdrawals. Summer base flow 
levels are important ecologically because they can define or limit the availability of habitats. 
Summer base flow levels are important to water resource managers because low flows often 
coincide with peak consumption.  

Climate change is expected to alter river hydrology in the Puget Sound basin. Observed and 
predicted increases in winter temperatures could result in more precipitation falling as rain 
instead of snow, earlier snowmelt timing, earlier streamflow timing, and lower summer flows 
(Mote et al. 1999, Mote et al. 2003). Several studies have evaluated the impacts of climate 
change on spring snowpack in the Pacific Northwest, with the conclusion that decreasing spring 
snowpack may result in lower summer flows. Long-term decline in snowpack in the Pacific 
Northwest was found to correlate largely with increasing temperatures, but not precipitation 
(Mote 2003). Follow-on studies with a Variable Infiltration Capacity model were performed to 
discern long term trends in spring snowpack from temperature and precipitation variability 
(Hamlet et al. 2005, Mote et al. 2005). Results suggested that long-term downward trends in 
spring snowpack were associated with widespread warming. Trends in snowpack associated with 
precipitation were largely controlled by decadal oscillations. Multiple regression analysis 
indicated that climatic oscillations accounted for approximately 10-60% of the trends in spring 
snowpack, depending on the time series examined (Mote 2006), leading the authors to conclude 
that the primary factor driving declining snowpack in the Washington Cascades was rising 
temperatures. The long-term snowpack trends were unrelated to the variability caused by Pacific 
oscillations.  

Casola et al. (2009) investigated the potential impacts of climate change on snowpack by 
combining future temperature predictions with the estimated temperature sensitivity of spring 
snowpack. Analysis of historic and projected temperature data indicated that snowpack 
reductions over the past 30 years ranged from 8%-16% while future temperature change would 
result in an 11%-21% reduction in spring snowpack by 2050.  

Stewart et al. (2005) evaluated the monthly fractional flow in snowmelt-dominated river systems 
in the Western United States and found an increasing fraction of flow occurring in March, 
corresponding with a decreasing fraction in June. Changes in streamflow pattern were associated 
with long-term increases in spring and winter temperatures, which spanned the decadal-scale 
Pacific climate oscillations. Barnett et al. (2008) utilized a multivariate analysis to evaluate the 
simultaneous changes in average winter temperature, snow pack, and runoff timing in the 
Western United States (including the Washington Cascades) for the period from 1950 – 1999 
They found significant increasing trends in winter temperature, and decreasing trends in snow 
pack and runoff timing (indicating earlier snowmelt) associated with anthropogenic forcings.  
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The Climate Impacts Group utilized results from 20 global climate models and two emissions 
scenarios from the IPCC Special Report on Emissions Scenarios (A1B and B1) to evaluate 
projected changes in spring snowpack and runoff (Elsner et al. 2009). For the rivers in the Puget 
Sound basin they projected a dramatic decrease in spring snowpack with almost no April 1 
snowpack by 2080. The climate change-related alterations in spring snowpack and streamflow 
timing are expected to result in lower summer flows.  

Land use alterations can also result in lower summer flows. Urbanization and development are 
associated with an increase in impervious surface resulting in higher runoff fractions and lower 
infiltration (Burges et al. 1998). Reduced infiltration can lead to lower base flows, although this 
effect can be somewhat offset by a reduction in evapo-transpiration from the clearing of trees 
(Cuo et al. 2008). The construction of storm drain systems has been implicated as a primary 
factor in the reduction a base flows (Simmons and Reynolds 1982).  

Cuo et al. (2009) utilized a Distributed Hydrology-Soil-Vegetation Model in order to determine 
the relative effects of land cover and temperature change on flow patterns in Puget Sound 
streams. They found that the relative importance of temperature and land cover differed between 
the upland and lowland basins. In the lowland basins land cover changes were more important 
and generally resulted in higher peak flows and lower summer flows, primarily due to increased 
runoff. Both land use change and climate effects were important in the upland basins. Climate 
change had the largest impact in the transitional zones and resulted in higher winter flows, earlier 
spring peak flows, and lower summer flows. A similar modeling study of a basin located in the 
Portland, OR metropolitan area, using a single climate change simulation combined with a 
ArcView Soil and Water Assessment Tool, predicted an increase in overall flow, but a decrease 
in summer baseflow, by 2040 (Franczyk and Chang 2009).  

Monitoring trends and predicting potential future alterations in streamflow patterns is important 
for water resource managers to ensure sufficient supply to meet demand (Snover et al. 2003, 
Milly et al. 2008). In the Pacific Northwest, summer low flows define the crucial period of water 
use and availability, and define system yield capacity. Wiley and Palmer utilized a three-stage 
modeling approach to evaluate the impacts of climate change on the water supply system for 
Seattle metropolitan region (Wiley and Palmer 2008). They predicted a decline of 6% per decade 
in July-September reservoir inflows resulting in a loss of available water in the system of 
approximately 56,000 acre-feet by 2040. Climate-related changes may reduce overall system 
yield.  

Vano et al. (2009) expanded the analysis to include the Everett and Tacoma water supply 
systems. They predicted decreased summer reservoir inflows and storage for all three systems. 
System reliability, however, remained relatively strong assuming current demand.  

Summer low flows in streams and rivers may be ecologically important. A substantial body of 
literature describes the potential deleterious impacts of low summer flows on fish survival (see 
Crozier et al. 2008, Palmer et al. 2009 and references therein). Potential negative biological 
impacts of low summer flows include high water temperatures, stranding, low dissolved oxygen, 
crowding, and disease. Although the strength of salmon runs has been shown to be positively and 
significantly correlated to summer stream flow in Puget Sound rivers, the actual causative 
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mechanism is unclear due to complicated and interrelated variations between flow, temperature, 
habitat, and other variables (Mathews and Olson 1980). Rand et al. (2006) evaluated the 
potential effects of reduced flow and increased water temperature on upriver migration of Pacific 
salmon in the Frasier River. Lower discharge volumes during the migration period increased 
survival by decreasing energy requirements of the migrating salmon (making it easier to swim 
upstream) leading to a stronger pre-spawn population. Higher water temperatures, however, have 
been shown to increase metabolic rates and increase energy requirements. Presumably, within 
some range, the energetic benefits of decreased flow will compensate for costs from higher 
temperatures, yielding no net effect.  

Scheuerell et al. (2006) used summer stream temperatures, which are predicted to increase with 
decreased flow, as a negative factor in survival of Chinook salmon in an effort to model salmon 
survival according to changes in various environmental conditions. Battin et al. (2007) predicted 
that Chinook salmon spawner capacity was proportional to minimum discharge during the 
spawning period; reductions in flow would result in reductions in spawning capacity due to 
habitat limitations. Low flows are also important for juvenile Coho due to space and food 
limitations, while low flows may be associated with temperature limitations in other areas 
(Ebersole et al. 2009). Trout survival and growth have been shown to be negatively associated 
with low stream discharge (Harvey et al. 2006, Berger and Gresswell 2009).  

There remains substantial uncertainty in the predicted changes, related not only to climate 
change, but also to biological response and potential for adaptation among various species, 
particularly salmonids(Crozier et al. 2008, Schindler et al. 2008). Biological responses are likely 
to vary according to the specific stream and basin.  

Status and trends  

Summer 7-day average low flow is the metric chosen to represent low stream flow conditions. It 
is widely used and not susceptible to temporary upstream flow changes than may affect one-day 
low flow calculations (Riggs 1985). Annual values for 7-day average low flow were calculated 
using gauge data from 14 different locations on unregulated rivers within the Puget Sound, in 
order to evaluate the status and trends of low flows within the region (Table 1). Data from seven 
rivers indicated a significantly decreasing trend in 7-day average low flow for the time period on 
record (p<0.05). Data from three other rivers indicated decreasing trends in 7-day average low 
flow, although with a slightly higher degree of statistical uncertainty (p<0.10). Four rivers 
showed no significant trends in annual 7-day average low flow. Notably, no river system showed 
significantly increasing trends in annual 7-day average low flow. The average change for the 
rivers with significant trends in annual 7-day average low flow was -4.4% per decade.  

Table 1. Average 7-day Low Flow for the time period of record, the annual rate of change of 7-
day low flow, and the probability that the trend is significantly different than zero for selected 
unregulated rivers and streams in the Puget Sound basin.  
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There were no consistently strong correlations between the annual 7-day average low flow 
values for the rivers within WRIA 3/4 (Table 2). Calculated annual 7-day average low flow 
values from Thunder Creek and the Samish River generally correlate weakly with the other 
rivers within the group used for comparison. Thunder Creek can be classified as a snowmelt-
dominated river. The Samish River is a rainfall-dominated river. The other rivers within the 
group are all transition rivers. It is possible that the different hydrologic regimes partially explain 
the lack of correlations in low flow.  

Table 2. Pearson's correlation coefficient for annual 7-day average low flow for rivers within 
WRIA 3/4.  

   Lower Sauk  Upper Sauk  Thunder  Cascade  Newhalem  Samish  
Lower Sauk     0.84  0.54  0.91  0.73  0.34  
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Upper Sauk        0.44  0.77  0.80  0.49  
Thunder           0.72  0.42  -0.11a  
Cascade              0.80  0.23a  
Newhalem                 0.54  

Notes: a. Pearson’s r not significantly different than 0 (P>0.05)  

Uncertainties  

The analysis presented above was derived from data in the public domain. The values and trends 
for 7-day average low flow were calculated from average daily discharge data from fourteen 
USGS station located in the Puget Sound region (United States Geological Survey 2010b). The 
datasets include qualification codes indicating whether data are provisional or have been 
approved (United States Geological Survey 2010a). We avoided using provisional data in this 
analysis, and we omitted data from gauging stations for which advisory notes warning against 
unreliable data quality had been posted.  

The 7-day low flow values were calculated for the period from June 1 – November 1; this time 
period was chosen to avoid the potential capture of winter low flows in the snowmelt-dominated 
river system (e.g., Thunder Creek). Trends were determined by calculating the slope of the 
annual 7-day low flow versus year using simple linear regression. Significance was determined 
by applying the Student’s t-test to determine the probability of the slope being significantly 
different than zero (P<0.05).  

The significance of the Pearson’s correlation coefficient was determined by estimating the 
probability that the correlation was different than zero based on the value of the correlation and 
the sample size. A significant correlation does not indicate a strong correlation.  

Summary  

Analysis of streamflow data revealed decreasing trends in 7-day average low flow values for 
seven of 14 guaging stations. Among the remaining stations, none showed significant increasing 
trends. Substantial inter-annual variation in low flow was evident. Annual 7-day average low 
flows among the river systems in WRIA 3/4 showed no consistent correlation. The weakest 
correlations were between the snowmelt-dominated (Thunder Creek), the rainfall-dominated 
(Samish River) and the remaining river systems. Seven-day average low flow could be a useful 
indicator of changing conditions in these watersheds.  
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Violations of Instream Flow Rules 
Background  

Human demands for freshwater resources need to be balanced with the ecological needs of river 
and estuarine systems (Petts 2009). Instream flow rules, which allocate specific flow and timing 
regimes in rivers and river system, are meant to legally account for the ecological requirements 
that may have previously been unconsidered. The Washington Department of Ecology (Ecology) 
and Department of Fish and Wildlife (WDFW) have developed instream flow rules to “protect 
and preserve instream resources” (Washington State Department of Ecology 2004), that include 
fish and fish habitats, water quality, wildlife, aesthetics, and recreation. Instream flow rules are 
developed by a defined scientific methodology (Washington State Department of Ecology 2003). 
They do not affect established (senior) water rights or withdrawals. They can limit future (junior) 
surface water withdrawals, or withdrawals from ground water that is in hydraulic continuity with 
the surface water, in order to protect minimum instream flows. Instream flow rules may also 
limit maximum withdrawals or establish closures where it has been determined that there is no 
water available for further appropriations.  

Instream flow rules do not affect exempt groundwater withdrawals, including:  

• Stockwatering;  
• Single or group domestic, up to 5,000 gallons per day;  
• Industrial purposes, up to 5,000 gallons per day; and  
• Irrigation of up to one-half acre of lawn or non-commercial garden (see Revised Code of 

Washington [RCW] 90.44.050).  

Instream flow rules exist for many of the rivers and streams within the Puget Sound. Table 1 
shows a summary of Instream Flow Rules for basins surrounding the Puget Sound by Water 
Resources Inventory Area (WRIA).  

Alterations of the natural flow regime affect river ecosystems by changing physical habitats, 
including patterns of longitudinal and lateral connectivity, and by altering the natural cues and 
patterns of biological response, which could adversely affect native species that have evolved in 
response to historical flow patterns. Alterations could enhance the success of invasive or 
introduced species in a river system (Bunn and Arthington 2002). Due to the complexity of 
natural flow regimes, the establishment of simplified instream flow rules based on minimum 
flow requirements or rules of thumb may not be protective of natural resources; i.e., it is not clear 
whether instream flow rules are protective of native flora and fauna (Arthington et al. 2006, 
Naiman et al. 2008). Several studies have suggested the adoption of flow rules and management 
targets that are more considerate of all aspects of the natural flow regime (Bunn and Arthington 
2002, Arthington et al. 2006, Naiman et al. 2008, Petts 2009, Poff et al. 2010).  

A measure of the management effectiveness of freshwater resources is to compare actual 
instream flows with the instream flow rules. A high percentage of instream flow rule violations 
could indicate an over-allocation of freshwater in a basin. An increasing trend in violations could 
indicate that the freshwater demands are increasing. For the purposes of this report, violations 
were determined by comparing the instream flow rules to the average daily flow at specified 
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gauging stations. A violation was noted when the average daily flow was less than that specified 
in the instream flow rule. The average percent of violation days per month were calculated for 
the time period of the instream flow rule. Trends were evaluated for the period from October to 
June or during the typically water-critical period from July toSeptember (see Table 2). Trends 
were determined by simple linear regression over time; trends significantly different that zero 
(P<0.05) were noted..  

Violations for instream flow rules were calculated for eight rivers, with the intent of evaluating at 
least one river or stream from each of the WRIAs in the Puget Sound watershed. The selection of 
rivers is shown in Table 1.  

Table 1. Summary of Instream Flow Rules for Water Resource Inventory Areas (WRIA) 
surrounding the Puget Sound.  

Water Resources Inventory Area  Instream Flow 
Rule  Date  Closures  

WRIA 1 - Nooksack  173-501 WAC  12/4/85  Yes  
WRIA 2 - San Juan  No        
WRIA 3/4 - Lower Skagit-Samish and 
Upper Skagit  173-503 WAC ,  4/14/01, Update 

6/15/06  No  

WRIA 5 - Stillaguamish  173-505 WAC  9/26/05  Yes  
WRIA 6 - Island  No        
WRIA 7 - Snohomish  173-507 WAC  9/6/79  Yes  
WRIA 8 - Cedar-Sammamish  173-508 WAC  9/6/79  Yes  
WRIA 9 - Duwamish-Green  173-509 WAC  6/6/80  Yes  
WRIA 10 - Puyallup-White  173-510 WAC  3/21/80  Yes  
WRIA 11 - Nisqually  173-511 WAC  2/2/81  Yes  
WRIA 12 - Chambers-Clover  173-512 WAC  12/12/79  Yes  
WRIA 13 - Deschutes  173-513 WAC  6/24/80  Yes  
WRIA 14a - Kennedy-Goldsborough  173-514 WAC  1/23/84  Yes  
WRIA 15 - Kitsap  173-515 WAC  7/24/81  Yes  
WRIA 16/14b - Skokomish-Dosewalips  No        
WRIA 17 - Quilcene-Snow  173-517 WAC  12/31/09  Yes  
WRIA 18 - Elwha-Dungeness  No        
Status and Trends  

None of the river systems evaluated consistently met the instream flow rules (Table 2). In five of 
the eight river systems, there were at least two months per year when actual flows did not meet 
the instream flow requirements at least 50% of the time. Flows in the Stillaguamish River failed 
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to meet instream flow rule requirements 90% of the time during the July-August-September 
period. This is the highest percent of violation of any river evaluated.  

Table 2. Summary of percent violations of Instream Flow Rule for selected rivers in the Puget 
Sound. Period is effective dates of Instream Flow Rule. Violations occurred when average daily 
flow at gauging station was less than value specified by Instream Flow Rule. Overall average for 
the time period and annual percent change are shown. Water Resources Inventory Areas that are 
not shown do not have established Instream Flow Rules.  

 

Generally, the highest percent of violation of instream flow rules occurred in August and 
September . There were no significant trends of the percent violations of the instream flow rule 
over time for any of the river systems evaluated (P>0.05).  

Uncertainties  

This analysis uses average daily discharge data from the eight USGS stations specified in Table 
2 (United States Geological Survey 2010b). The datasets include qualification codes indicating 
whether data are provisional or have been approved (United States Geological Survey 2010a). 
We avoided using provisional data in this analysis, and we omitted data from gauging stations 
for which advisory notes warning against unreliable data quality had been posted.The gauging 
stations on the NF Stillaguamish River near Arlington (USGS 12082500) and the Nisqually 
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River near National (USGS 12082500) advised of poor data quality during storms or high flow 
conditions. High flow conditions would not result in violations of the instream flow rules and so 
this did not affect the analysis.  

The development and application of Instream Flow Rules is relatively recent (see Table 1). 
Consequently, most stations offer only a limited number of years from which to evaluate data. 
The relatively short time period and high interannual variability precluded detection of 
significant long term trends.  

Summary  

All streams showed violations of the instream flow rules, most commonly occurring in August 
and September. Notably, flow levels in the Stillaguamish River were below instream flow 
requirements approximately 90% of the time during the summer months. The Puyallup River 
exhibited the lowest percent of instream flow rule violations of any river evaluated. The monthly 
average percent violations did not exceed 25% for any month of the water year.  
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Chapter 2B. The Socio‐economic Condition of Puget Sound (outline) 
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Section 1. Outline 

The current presentation of Section 2B is in an outline form—a more complete section will 
posted later. The objectives of Section 2B are: (a) to establish a framework for organizing 
existing and emerging information from the breadth of the social sciences - what we will refer to 
as the “human dimensions’ of Puget Sound restoration and preservation, and (b) to review 
existing and potentially high value human dimension data that can be used as indicators for the 
social and economic “state” of the region, and the “governance” of the Puget Sound marine 
resources. Outline of Section 2B  

1. Approach  
a. Distinction between State and Governance indicators. Data about human populations, 
economic activity, land use practices, and other ‘state’ indicators can paint a picture of 
the status of human well-being in the Puget Sound region. “Governance” information 
describes the characteristics of decision-making processes implicated in Puget Sound 
recovery.  
b. Analytical frameworks for encompassing state and governance indicators in regional 
ecosystem planning. Using well-documented frameworks such as the Common Pool 
Resource and Institutional Analysis and Development approaches as organizing schemes.  
c. Communicating levels of scientific understanding and confidence in assessments of 
different elements of human well-being.  

The State of the Puget Sound Region: PSP Action Agenda in a Regional Context  
a. Restoration Goals/Objectives in PSP Action Agenda  
b. Relevance of the general regional “state” of human well-being and its elements to the 
PSP Action Agenda. Understanding the human and geographic context of Puget Sound 
restoration is important because opportunities and threats to restoration are affected by 
property use in the region; and in turn, restoration and protection actions (or their absence) 
impact the surrounding population.  
c. Demography and Land Use -describe the state of the built environment and human 
geography, including population distribution, migration sources and patterns, and existing 
land-uses and regulations in place.  
d. Population Well-being - focus on general state measures of human health and well-
being. Include distributional equity: the social distribution of the environmental goods 
and services, including human health risks resulting from the Puget Sound marine system.  
e. Economic structure of the Puget Sound –describe the state of the region’s economy; 
evaluate approaches to disaggregating marine-specific and more generally, economic 
activities dependent on the state of natural resources in the region.  

Land Use and Governance  
a. Review what is known about the governance of land use allocation and distribution 
decisions.  
b. Review governance of marine waters and tide lands. Include what is known about the 
capacity for responsible institutions to make fair and competent natural resource 
allocation and distribution decisions.  
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Stewardship Capacity. Stewardship is the capacity to act, enabled by available 
human, social, cultural and economic capital.  

a. Inventory the human, social, financial, built, and cultural capital that can enable 
stewardship of the Puget Sound marine system.  
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Section 1. Introduction 

The health of the Salish Sea ecosystem is directly influenced by both human activities and 
natural events (Ruckelshaus and McClure 2007). The mechanisms through which these actions 
lead to ecosystem changes are complex. Yet, the identification of threats and their myriad 
impacts is necessary to strategically and effectively manage their causes and their impacts on the 
Salish Sea (strategies discussed in Chapter 4 of the Puget Sound Science Update). In this Chapter, 
we identify threats to the Salish Sea ecosystem and provide empirical evidence for the causal 
linkages between high priority threats and their associated ecosystem impacts. Although we do 
not comprehensively or systematically attempt to identify and propose indicators that will allow 
us to track change in the health of the Salish Sea (see Chapter 1), we do identify potential 
indicators from the literature which together with the information we reviewed can serve as a 
basis for selecting indicators of the health of Puget Sound.  

The goals of this Chapter are to:  

1. Identify terrestrial, freshwater and marine derived threats to the Salish Sea ecosystem 
including the freshwater and terrestrial environments.  

2. Review threat ranking schemes and identify the threats with highest impact.  
3. Use a conceptual model to examine the causal relationships between threats and their 

impacts on the environment (Driver-Pressure-State-Impact-Response (DPSIR) 
framework). We emphasize what is known about the geographic scope, severity, 
irreversibility, imminence, and uncertainty of high impact threats and identify associated 
knowledge gaps.  

4. Identify ecosystem models that have been developed for the Puget Sound region that 
identify and rank ecosystem threats or that help us identify indicators of ecosystem health.  

1. Methods  

We conducted a literature review to synthesize information on threat ranking schemes, threats 
described as having the greatest ecological impact on the Salish Sea ecosystem, the impacts of 
individual threats, and models to use as tools to evaluate the impacts of human activities. We 
report on peer-reviewed scientific literature but also include relevant technical memos and 
government reports when appropriate. We do not include original analyses. Therefore, our 
Chapter serves to synthetically report on what is already known in the scientific literature and 
identify knowledge gaps.  

We recognize that human activities that threaten ecosystems may also contribute positively to 
human health and wellbeing. For example, shoreline hardening has negative physical and 
biological impacts such as contributing to the loss of beaches and spawning habitat for fish but 
also has positive impacts on human wellbeing by preventing erosion and loss of property at local 
scales (see shorelines in this Chapter). In this first edition of the Chapter on threats, we focus on 
the negative ecological and physical impacts of human activities. In future editions of this 
Chapter, we anticipate both a review and evaluation of the threats relative to human systems 
(economies, human health and wellbeing, cultural resources, etc.) as well as ecological systems. 
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More specifically, future editions should include evaluations of the linkages between threats, 
human systems and ecological systems, highlighting not simply how enhancement of one system 
is costly to the other, but how the two systems benefit from each other. Future integration of the 
two systems and is necessary as a foundation for analyzing tradeoffs associated with various 
conservation actions.  

Next Step: Impacts of threats to human health and wellbeing – positive or negative - were not 
addressed in this chapter and should be included in future editions.  

Causal relationships between threats and their impacts to the environment  

To help us better understand the high impact threats and their effects on the ecosystem, we use a 
conceptual framework designed to examine the relationship between human activities and the 
environment, namely “Driver-Pressure-State-Impact-Response” (DPSIR) (e.g., Langmead et al. 
2009, Carr et al. 2007, Elliot 2002). Drivers are factors that result in pressures that, in turn, cause 
changes in the ecosystem. Drivers are both natural (e.g., natural climate variability, earthquakes, 
tsunamis) and anthropogenic (e.g., residential and urban development, human-caused climate 
change). In principle, human drivers can be changed via responses such as regulation, restoration, 
and education and natural environmental drivers cannot be controlled but must be accounted for 
when assessing interactions among drivers and pressures or the effectiveness of management 
responses. Pressures are factors that cause changes in a state or condition and are caused by 
specific drivers. For example, the driver “residential, urban and industrial development” can 
cause the ecological pressures of pollution and vegetation loss. State variables describe the 
condition (including physical, chemical, and biotic factors) of the ecosystem such as the presence 
of 6 parts per million of a given contaminant in Commencement Bay. Impacts comprise 
measures of the effect of change in these state variables such as loss of biodiversity, declines in 
productivity and yield, etc. Responses are the actions (regulatory, management or educational 
activities) that are taken in reduce the pressures and impacts caused by various drivers in order to 
achieve a desired state (e.g., cleaner water).  

A DPSIR approach allows us to organize and present a wide range of issues that shape our 
understanding of the problem: the contribution of human activities to the problem, the extent and 
magnitude of the problem and the harm it causes in the ecosystem, and the range of possible 
strategies we might employ to mitigate it. These three ideas are reflected in three Chapters, 
collectively, of the Puget Sound Science Update. Using DPSIR terminology, the present Chapter 
(3, Impacts of Natural Events and Human Activities on the Ecosystem) discusses the Threats, or 
Drivers and Pressures in the system (and associated states and impacts); Chapter 2, Biophysical 
status of Puget Sound reviews the status of and trends in current condition of the ecosystem 
(State and Impacts); Chapter 4, Effectiveness of Strategies to Protect and Restore the System 
addresses the human Response to the problem.  

We use the DPSIR framework because it: (1) identifies likely causal linkages between human 
activities and changes in ecosystem states; (2) simplifies the complex relationship between 
human activities and changes in the environment; (3) is a tool for communicating complex 
relationships and potential solutions between policy makers, scientists and the general public; (4) 
provides a framework for identifying indicators and what they indicate (e.g. indicators of 
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pressures and states); (5) allows for a better understanding of the likely effects of response 
actions on the desired state; and (6) is widely used in the peer–reviewed literature. This 
framework has been used to identify indicators (Mangi 2007), to identify issues associated with 
pollinator loss (Kuldna et al. 2009), to address wind power management (Elliot 2009), to model 
choices associated with ecosystem recovery (Langmead et al. 2009), to create a conceptual 
framework for marine protected areas (Ojeda-Martinez et al. 2009), and for socio-ecological 
modeling (Langmead et al. 2009). The DPSIR framework can be modified to examine the effects 
of various drivers on human health and wellbeing.  

Method used: To help us better understand the high impact threats and their effects on the 
ecosystem, we use a conceptual framework designed to examine the relationship between 
human activities and the environment, namely “Driver-Pressure-State-Impact-Response.” 

 

In the following text, we treat most of the identified high impact threats as “drivers” or 
“pressures” and examine their impact on ecosystem states.  

Results  
Threat Ranking and identification of high impact threats  

Our literature review revealed qualitative approaches for identifying and ranking the relative 
impacts of threats to the Salish Sea ecosystem. Of the six sources that identified threats to this 
ecosystem, all of them were governmental efforts, and one of ranked threats using an expert 
based approach (Table 1):  

• “Identification, Definition and Rating of Threats to the Recovery of Puget Sound,” 
(Neuman et al. 2009). This technical memo describes an expert review process using the 
Miradi Open Standards for the Practice of Conservation to identify threats to this 
ecosystem and rank threats as “low”, “medium”, “high”, and “very high”.  

• Puget Sound Partnership Action Agenda (2008, see Appendix, Threats and Drivers 
Summary in the Appendix). A categorized list of threats impacting Puget Sound that was 
developed as part of a DPSIR Demonstration Project in support of PSP’s Action Agenda.  

• Washington Department of Ecology list of significant threats to Puget Sound (WA DoE 
2010): This list of threats emphasizes the agency’s focus on air and water contaminants.  

• U.S. Environmental Protection Agency Region 10 indicators for Puget Sound/Georgia 
Basin (US EPA 2010): Not a list of threats per se, but rather a list of broad-level 
indicators that are proposed or currently being monitored. Some of these indicators 
reflect one or more threats.  

• Washington Biodiversity Council (WBC 2007): Identification of threats associated with 
the loss of biodiversity but also relevant to ecosystem processes in general.  

• Significant threats to nearshore habitats in Cherry Point, WA (Hayes and Landis 2004): 
list of threats and impacts identified through an environmental assessment conducted in 
2001 using a Regional Risk Assessment model to characterize high versus moderate risk 
threats. Comprising a small sub-region within the Puget Sound/Georgia Basin system, the 
Cherry Point assessment provides a useful illustration of how the specific scale of 
assessment can affect the level of risk posed by a particular threat.  
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We also include two threat identification and ranking processes that resulted from a similar 
restoration effort in the Chesapeake Bay and for the California Current ecosystem:  

• Chesapeake Bay Program’s lists of pressures (CBP 2010): despite the differences 
between the Puget Sound and Chesapeake Bay (in terms of climate, structure, etc.), they 
appear to share many of the same threats. As with EPA’s list above, Chesapeake Bay 
Program’s list includes a collection of indicators for monitoring the status and impacts of 
important threats.  

• Human impacts to the California Current marine coastal ecosystems (Halpern et al. 2009). 
This study maps the cumulative human impacts to California Current marine ecosystems. 
This system has direct physical and biotic linkages to the Salish Sea and this analysis 
included the Salish Sea. This assessment reflects differences in relative impacts of 
various threats as a function of scale (as well as important biophysical differences 
between marine coastal and inland estuarine systems).  

Identifying the most important threats: Is one threat more important than the other in Puget 
Sound? Threats in Puget Sound were ranked as low, medium and high based on expert opinion 
in various venues (Table 1). Our review of the literature suggests that threat identification and 
ranking approaches used in the Puget Sound region largely lack peer-review and are not 
necessarily comprehensive, indicating the need for a more quantitative and systematic approach 
that addresses uncertainty surrounding the relative magnitude of threats. We propose 
approaches to get to the answer in our introduction and model sections. 

 

Table 1. Comparison of Threat Identification and Ranking Lists for Puget Sound/Georgia Basin 
and Comparable Ecosystems1. Although there is considerable overlap in the threats identified in 
each scheme presented, each presents a unique threat list. X’s indicate threats that were identified 
as significant but were not ranked according to their relative importance.  
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There is fairly high consistency among ranking schemes in the threats identified for Puget Sound 
and for similar ecosystems (Table 1). Because only one assessment effort ranks threats Sound-
wide (Neuman et al. 2009), we use this scheme to help us focus our efforts on the threats thought 
to have the greatest impact on the health of Puget Sound. Specifically, we only review the “very 
high” and “high” threats identified in Neuman et al. (2009). We did not have time to address one 
of the “High” ranked threats, unsustainable harvest, and recommend that future editions of this 
Chapter describe this threat (Table 2). To better fit into our DPSIR approach, we characterize the 
threats slightly differently from Neuman et al. (2009). For example, “Physical 
disturbance/disruption to species” which is a “Low” rank threat under Neuman et al. (2009) is 
partially covered as a “State” under our more comprehensive driver, “Residential, Commercial 
and Industrial Development”. The use of DPSIR and resulting change in threat categories 
resulted in partial reviews of some lower ranking threats. For the threats reviewed, our work is 
incomplete and we welcome input from experts to help make this product more comprehensive. 
To help with this process, we highlight obvious gaps in our assessment with placeholders in the 
text.  

Table 2. Threats and their ranks from Neuman et al. (2009) reviewed in this Chapter.  
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Of the high impact threats identified by the Puget Sound Partnership, we addressed: Climate 
Change, Residential, Commercial and Industrial Development, Shoreline Modification, 
Invasive and Non-native Species, Pollution, with a focus on impacts to organisms 

 

High impact threats not addressed in this chapter: Unsustainable species harvest  

We did not review all threats identified by the Open Standards process (Table 1).  

Information Needs  

Identifying the most significant threats and the most important management strategies is 
extremely complex, especially if threats interact and their effects are multiplicative in nature. For 
example, threats to marine ecosystems often include simultaneously terrestrial, freshwater and 
marine based effects (Halpern et al. 2007). The current approaches to threat identification and 
ranking described above largely lacks peer-review. Our review of the literature suggests the need 
for a more comprehensive, quantitative and systematic assessment that addresses uncertainty 
surrounding the relative magnitude of threats. There are many approaches to both identifying and 
ranking threats in the published literature (e.g., Iannuzzi et al. 2009, Newsome et al. 2009, 
Selkoe et al. 2008, Halpern et al. 2007, Given and Norton 1993). Our review revealed the 
following considerations when conducting such a threat assessment:  
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• Importance of identifying clear objectives that define the 1) geographic scope, 2) 
ecosystem(s), ecological communities, and species of interest (what is threatened), and 
the 3) temporal scope.  

• A systematic and comprehensive assessment of threats (e.g., Halpern et al. 2007).  
• Expert opinion is often used in the absence of models for identifying and ranking threats. 

The literature suggests the following considerations when using this approach:  
o Quantitatively assess vulnerability and mathematically embrace uncertainty in our 

knowledge about the threats and their associated impacts when developing threat 
ranks (e.g., Cooke and Goossens 2004). Consistency between the top threats 
volunteered by experts and the top threats revealed using vulnerability scores 
from these same experts can be low (Halpern 2007, Teck et al. 2010, Payne et al. 
1992; Lichtenstein and Slovic 2006) and suggests the importance of a more 
quantitative approach. There are many approaches for addressing uncertainty (e.g., 
Teck 2010, Iannuzzi et al., 2009, Halpern et al. 2007, Garthwaite et al. 2005, 
Cooke and Goossens 2004, Morgan 2003, Cleaves 1994) and we suspect that a 
Bayesian belief network approach (e.g., Garthwaite et al. 2005) could also be 
applied if threats and their consequences can be expressed as probabilities and as 
discrete values.  

o Recommend developing criteria when selecting experts to make sure that the 
appropriate representation and level of knowledge is included (e.g., level of 
education, type of research experience, management experience, type of 
organization, etc.)  

o Address sources of bias: (1) self interest or personal values of those included as 
experts (see Cleaves 1994); (2) institutional, educational and sex biases (see 
Halpern 2007 for an analytical approach for addressing this issue)  

o Integrate published material and expert opinion (e.g., information on magnitude, 
extent and uncertainty associated with threats; Iannuzzi et al., 2009).  

o Integrate expert based threat ranking with quantitative information (e.g.,Teck et al. 
2010 Iannuzzi et al., 2009) to provide a systematic foundation for ecosystem-
based management  

• There are modeling approaches that help both identify and rank threats and are discussed 
in the Modeling section and the concluding paragraphs of this Chapter of the Update.  

Next Step: Work is needed to more comprehensively evaluate the impact of single threats as 
well as the interactions among them. We included placeholders to guide future editions of this 
section. 

 

Key information gap: Quantitative and analytical approaches to ranking threats in Puget Sound  
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Driver: Climate Change in the Salish Sea Ecosystem 

Whereas weather is the daily to seasonal changes in patterns of temperature, precipitation, 
humidity, and wind; Climate change is the long term trend of these patterns. Some short-term 
climate variation is normal from cycles of the Pacific Decadal Oscillation and El Niño-Southern 
Oscillation; however, natural causes and natural variability alone cannot explain the rapid 
increase in global temperatures in the last 50 years (Climate Impacts Group 2009). Although 
these natural cycles complicate determining the full extent and cause of increased temperatures, 
most evidence confirms that at least some of the rise in temperature is attributable to the buildup 
of greenhouse gases (Hegerl et al. 2006). The average net effect of global human activities since 
1750 has been one of warming, with a radiative forcing of +1.6 [+0.6 to +2.4] W/m2 (IPCC 
2007). In comparison, changes in natural solar irradiance since 1750 are estimated to have 
caused a relatively small radiative forcing of +0.12 [+0.06 to +0.30] W/m2 (IPCC 2007). This 
range of natural and human factors driving the warming or cooling influences on global climate 
plays an essential role in shaping ecosystems.  

A conceptual model such as Driver-Pressure-State-Impacts-Response (DPSIR) can provide 
context for the climate change threat (Figure 1). In the following sections, we use DPSIR 
terminology to help evaluate climate change related pressures to the ecosystem in terms of the 
classes of processes that often affect the structure (state) and function (impact) of the ecosystem. 
The strategies to mitigate and adapt to climate change are discussed in more detail in Chapter 4.  
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Figure 1. Driver-Pressure-State-Impacts-Response conceptual model for Climate Change.  

The pressures that climate change exerts on the Salish Sea ecosystem fall into six general classes 
of processes that affect its structure and functioning: (1) water cycle changes; (2) 
weather/temperature change, (3) ocean thermal expansion/melting of land ice;(4) large and local 
scale atmospheric forcing; (5) ocean acidification; and (6) ultraviolet irradiance. Each in turn 
contributes to changes in ecosystem states. Note, however, that more than one pressure can 
contribute to a given state change; similarly, many system-level impacts are driven by multiple 
state changes. These various relationships are reviewed and described in greater detail below.  

Although not explicitly addressed in this iteration of the Puget Sound Science Update, the 
impacts of climate change on the citizens of the Salish Sea ecosystem are important to consider 
in addition to impacts on the ecosystem. A changing climate will affect many facets, including 
impacts to infrastructure and human health and wellbeing. These impacts should be included in 
future updates.  

1. Pressure: Water Cycle Changes  

Hydrology in the Salish Sea ecosystem is governed by three watershed regimes: (1) high 
elevation is snowmelt dominant, (2) mid-elevation is transient with a rain/snow mix, and (3) low-
elevation is rain dominant. Transient watersheds are most prevalent (Climate Impacts Group 
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2009) and will be the first to show a quantifiable response to changing climate as it changes to a 
rain dominant regime associated with increased temperature.  

State: Altered Hydrology  

Timing of peak streamflow varies seasonally between the three watershed regimes (Climate 
Impacts Group 2009). Snowmelt dominant streamflow peaks when temperatures begin to rise 
and melt the snowpack during May-July. Rain dominant streamflow peaks when precipitation 
peaks, typically during November-January. Transient streamflow is unique in that it peaks twice; 
once during November-January coinciding with peak precipitation and again during May-July 
coinciding with the snowpack melting.  

Impacts:  

The watersheds with streamflow based wholly or partially on snowmelt are predicted to have the 
greatest hydrological shifts associated with climate change. Snowmelt plays an integral role in 
the seasonal timing of streamflow and thus affects the region’s water supply. Impacts to the 
water cycle are likely to include earlier peak stream flows, decreasing runoff in spring/summer, 
and increasing runoff in autumn/winter.  

In watersheds with snowpack, especially the transient watersheds, winter and spring warming are 
likely to cause a cascade of events that lead to increased snowpack melt. Warming lessens the 
snow-to-precipitation ratio, resulting in reduced snowpack which in turn further increases the 
absorption of solar radiation by the land surface, triggering the snow albedo feedback to increase 
the rate of melting (Mote et al 2008a). This chain of events is responsible for the advanced 
timing of streamflow (Hidalgo 2009).  

The shift in the timing of streamflow of snowmelt-dominant basins has been evident since the 
late 1940’s (Stewart et al 2005). In recent decades throughout the western US, streamflow timing 
has occurred one to four weeks earlier than in the 1950’s through the mid-1970’s, with trends 
being strongest for mid-elevation transient zones; the timing of advance in streamflow timing is 
significant (p = 0.05) (Hidalgo 2009).  

This advance in streamflow timing of basins with snowpack was shown with three related 
measures:  

1. The center timing of streamflow, which is the average day by which time half of the 
annual streamflow has passed, occurs earlier in the spring. The early shift is present 
throughout western North America, including the Salish Sea region, for the period of 
1948–2002 (Stewart et al 2005). For the Puget Sound Basin specifically, it is projected 
that center timing will occur between 2-5 weeks earlier during the 2020’s than it did from 
1917-2006 (Climate Impacts Group 2009).  

2. An advance of timing in the snowmelt onset, with mid-elevations having the largest 
advance due to being more sensitive to early temperature changes than high-elevations. 
Overall, from 1948-2002, spring pulse onset occurred 10-30 days earlier in western North 
America (Stewart et al 2005).  
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3. Decreased spring and early summer fractional flows and increasing fractions of annual 
flow occurring earlier in the water year (Stewart et al 2005). In the Puget Sound Basin, 
flows for 2006 conditions were higher in late winter and early spring, and lower in late 
spring and summer compared to 1915 levels, which reflects the generally warmer winter 
temperatures for 2006 (Cuo et al 2009). The trend of winter peaks becoming higher and 
summer peaks becoming lower is projected to continue throughout the 21st century 
(Climate Impacts Group 2009). Transient watersheds in particular will see the largest 
shift in interseasonal distribution of streamflow. As snowpack decreases, streamflow is 
projected to shift from having a doublepeak, to only a single peak in December, 
associated with the loss of snowmelt and increasingly rain-dominant behavior.  

In contrast to snowmelt dominated basins, rain dominant watersheds are relatively unaffected by 
climate change (Stewart et al 2005). The center timing of low elevation rain-dominant watershed 
basins are trending in the opposite direction of high-elevation basins. Streamflow center timing 
of rain-dominant streams occurred 5-25 days later in 2002 compared to historical values from 
1948-2002 (Stewart et al 2005). This suggests that the trends seen in high-elevation basins are 
most likely attributable to temperature changes, rather than precipitation (Adam et al 2009; 
Climate Impacts Group 2009). In addition, mean annual streamflow has remained constant over 
the past 50 years despite seasonal shifts (Cuo et al 2009; Stewart et al 2005).  

Pressure: Weather/Temperature Shifts  

In the Pacific Northwest, regional climate models generate shifts in snow cover, cloud-cover, and 
circulation patterns associated with interactions between large-scale climate change and the 
regional topography and land–water contrasts (Salathe et al 2008). Changes in weather 
conditions alter the state of temperature and precipitation trends over the region. A majority of 
impacts to the system within the Salish Sea ecosystem are a result of interactions between 
increased temperature and precipitation pattern shift.  

State: Increased Temperature  

According to the IPCC Fourth Assessment Report (2007), globally the earth’s climate rose 0.7°C 
over the last century. Over this same time period, the temperature in the Puget Sound basin 
slightly exceeded the global average, generally registering a 0.8°C increase (Mote 2003). This 
rise in temperature is not expected to level off anytime soon, in fact the rate of change is 
predicted to increase over the coming century. The Climate Impacts Group predict average 
temperature rise in the Pacific Northwest of 1.1°C (range of projections from all models: +0.6°C 
to +1.8°C) by the 2020s; 1.8°C (range: +0.8°C to +2.9°C) by the 2040s; and 2.9°C (range: 
+1.6°C to +5.4°C) by the 2080s compared to 1970-1999 temperatures. Warming is expected to 
occur throughout all seasons with the largest increase found in the summer months (Climate 
Impacts Group 2009).  

State: Precipitation Pattern Shifts  

Throughout North America, precipitation on average has increased over the last century (Field et 
al 2007) with precipitation in the Pacific Northwest exceeding the global average by 13%- 38% 
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(Mote 2003). Southern British Columbia also had an increase in precipitation between 5-35% 
over the 20th century (Zhang et al 2000). Agreement among models on estimations of future 
amounts of precipitation in the Pacific Northwest is lacking. When results among these models 
are averaged, the overall projected changes in our region are modest, with a 1.3% precipitation 
increase; range of projections from all models: (-9 to +12%) by the 2020s; +2.3% (range: -11 to 
+12%) by the 2040s; and +3.8% (range: -10 to +20%) by the 2080s compared to 1970-1999 
precipitation levels (Climate Impacts Group 2009).  

Most models agree that there will be large seasonal changes, especially toward wetter autumns 
and drier summers (Climate Impacts Group 2009; Jakob & Lambert 2009). The regional models 
also predict increases in extreme high precipitation over the next half-century, especially in the 
Puget Sound area (Climate Impacts Group 2009). The seasonality, frequency and intensity of 
extreme events, including storms, must be considered in addition to the annual amount of 
precipitation since extreme events cause immediate damage to the ecosystem, versus a gradual 
shift in conditions over years.  

Impacts:  
Snowpack and Glaciers  

The impact of rising temperature with the most far reaching effects is the loss of snowpack and 
glacial retreat. Regardless of how much precipitation falls in our region, ambient air temperature 
determines how much of that falls as snow or rain. Increased temperatures reduce the length of 
the snow season and increase the elevation of snowline, and thus decrease the amount of 
snowpack in Puget Sound.  

Snow water equivalent is a common measurement of snowpack. It is the amount of water held 
within the snowpack and can be thought of as the depth of water that would occur if the entire 
snowpack melted. Stoelinga et al (2009) determined snow water equivalent declined in the 
Cascade Range by 23% (95% CI: ±28%) from 1930-2007. During that same time period, the 
Washington State portion of the Cascade Range may have had a slightly higher percent loss, 
ranging from 15-35% with rising temperatures being the main source for the decline (Mote et al 
2008a). While the overall result is a decline, the severity of decline depended on elevation. Low 
elevation sites had the largest declines and high elevations either had smaller declines or in some 
cases increased. Cuo et al (2009) analyzed 1915-2006 data from individual Puget Sound basins 
and confirmed the influence of elevation. They found relatively moderate snow water equivalent 
declines (up to 23%) in the Dosewallips, Nisqually, Puyallup, and Skagit basins, which are 
located at high elevations. However, other basins found in an intermediate elevation zone had 
declines greater than 30%.  

Forecasting into the coming years by several studies show an agreement that continued loss of 
snowpack is to be expected as temperatures keep rising, although the amount of decline varies 
among studies. Estimated changes in Washington’s snow water equivalent measurements 
associated with climate change depend on elevation with low elevations again expected to have 
the largest decrease. The Climate Impacts Group (2009) predicted the low-elevation snow water 
equivalent will decline in the range of 15-37% by 2020’s, 23-54% by 2040’s, and 39-71% by the 
2080’s. For the Washington Cascade Range only, Casola (2009) estimated a smaller decline in 
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the range of 11-21% in snow water equivalent by 2050. This decline will likely affect water 
availability for both wildlife and people. For example, Puget Sound 
[Chapter2a.Salmonids#chinookanchor|Chinook salmon]] populations may have an increase of 
younger spawners and smaller proportions of stream-type fish (Beechie et al 2006) and the 
citizens of Puget Sound will incur declines in the municipal water supply and hydropower 
production (Climate Impacts Group 2009).  

Along with the loss of snowpack, glaciers in the North Washington Cascade Range are also 
decreasing in volume and extent and predicted to continue to decrease. Pelto (2008) found 
significant changes in glacier mass balance, which is the difference between accumulation and 
ablation and advancing/retreating terminus behavior. The annual mass balance of ten glaciers 
was measured over two decades (1984-2006) and were found to have a 20-40% loss of their total 
volume. Furthermore, all 47 glaciers that were monitored are currently undergoing a significant 
retreat and four of them have disappeared. This trend of mass loss has accelerated in the last 15 
years and is no longer dominated by shifts in the Pacific Decadal Oscillation, indicating recent 
large scale climate changes are stronger than the Pacific Decadal Oscillation induced variations 
of earlier decades of record (Josberger et al 2007). Loss in both snowpack and glaciers is 
expected to persist as global average temperatures continue to rise.  

Range Shifts  

The loss of snowpack and glaciers at mid and high-elevations constrains and also expands 
opportunities for animal and plant species settlement. In a warmer climate, species will begin to 
shift their ranges, or become less abundant in their current range in response to rising 
temperatures and precipitation shifts. Using Douglas-fir as an example, the Climate Impacts 
Group (2009) found that by the end of the 2060’s climate will be sufficiently different from the 
late 20th century to alter Douglas-fir distribution in Washington State. Roughly 32% of the area 
currently classified as appropriate for Douglas-fir would be outside the identified climatic 
envelope for this species by the 2060s. This decline of suitable habitat mostly occurs at lower 
elevations due to water balance deficient. Currently, at high elevations Douglas-fir is constrained 
by snow and low temperatures (Griesbauer and Green 2010). With climate change predicted to 
cause warmer temperatures, less snowfall and earlier snowmelt, Douglas-fir may have increased 
productivity and expand its range to higher elevations (Griesbauer and Green 2010). Thus, it is 
unlikely that Douglas-fir in the Pacific Northwest will exhibit substantial range contractions 
unless water balance deficit increases substantially (Littell et al 2008).  

More generally, Zolbrod and Peterson (1999) used a gap model to examine the effects of 
increased temperature (2°C) and altered precipitation on high-elevation ecosystems of the 
Olympic Mountains. They found in the southwest region, as tree species shift upwards in 
elevation with a warming climate, composition of tree species remains relatively stable. However, 
in the northeast region, the warmer climate results in combinations of tree species that is 
uncommon currently. Thus, this study suggests that species and site-specific responses at 
mesoscale and microscale resolutions must be characterized to quantify the variation in response 
of forest vegetation to climatic change.  



April 2011 Puget Sound Science Update  Page 441  Puget Sound Partnership 

Plants will not be the only communities to shift in response to a warming climate; wildlife too, 
will alter their range and abundance. Of 434 species worldwide that has been categorized as 
shifting in range, either measured directly at range boundaries or inferred from abundance 
changes within communities, 80% (P< 0.1 X 10-12) shifted in accord with climate change 
predictions (Parmesan & Yohe 2003).  

One abundance/range shift of importance in the Salish Sea, particularly because it is an iconic 
group of species, is that of salmon. From the early 1800’s to the late 1900’s, the size of salmon 
runs declined by 92% in Puget Sound, 98.2% along the Washington Coast and 63.8% in British 
Columbia (Lackey 2003). Part of this decline may be attributable to rising stream temperatures, 
which cause a decrease in quality and quantity of salmon habitat.  

Salmon are sensitive to thermal increases, with impairment occurring at the following stated 
temperature ranges for these different stages of their life history: smoltification and spawning 12-
15°C, disease virulence 16°C, migration 19-23°C, and lethal threshold 24-26°C (Richter & 
Kolmes 2005). Simulations predict increasing freshwater temperatures and increasing thermal 
stress for salmon in western Washington that are slight for the 2020s but increasingly greater 
later in the 21st century (Climate Impacts Group 2009). Annual maximum temperature in the 
2020s at most stream stations is projected to rise less than 1°C, but by the 2080s many stations 
warm by 2 to 5 °C (Climate Impacts Group 2009).  

Not only do increased temperatures affect the health of salmon, they are also capable of 
impacting stock/population distribution. Stream temperatures at some sites in western 
Washington were high enough (21°C) for 10 weeks of the 1980’s to prevent migration (Climate 
Impacts Group 2009). In the future, the persistence of water temperatures greater than 21°C is 
predicted to start earlier in the summer, and last later into the year than in previous decades 
(Climate Impacts Group 2009). Salmon thermal threshold level coupled with this temperature 
rise causes the projected loss of salmon habitat in Washington to range from 5 to 22% by 2090, 
depending on the climate change scenario used in the analysis (Climate Impacts Group 2009). 
The interaction of reduction of local riparian vegetation due to development with increased 
temperatures from a changing climate will likely exacerbate the loss of thermally appropriate 
salmon habitat, since riparian vegetation exerts a strong influence on buffering stream 
temperatures (Poole and Berman 2001).  

Temperature increases also affect the abundance and distribution of less beneficial species in the 
region. Insect outbreaks can have substantial negative impacts on forest ecosystems by reducing 
growth and causing mortality (Kurz et al 2008). For these insects, warming is likely to cause 
elevation shifts and encourage northward expansion of the range of southern insects (Climate 
Impacts Group 2009; Parson et al 2001, Williams & Liebhold 2002). For example, low 
elevations will become unsuitable in a warming climate for Mountain Pine Beetle, and model 
simulations predict attacks will occur at increasingly higher elevations, lessening the amount of 
overall suitable habitat for outbreaks in western Washington (Climate Impacts Group 2009).  

In another instance, the spruce budworm has been extending its range northward. Cool summer 
temperatures slow feeding and development of the larvae which increases its vulnerability to 
predators. Thus increased temperatures, coupled with drought stress (Parson et al 2001) diminish 
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this limiting factor and allow for expanded populations. Using a simulated climate for years 
2081-2100 predicts outbreaks being approximately 6 years longer with an average of 15% 
greater defoliation (Gray 2008).  

Phenology  

Not only will species ranges and distributions be affected but phenology, the seasonal timing of 
plant and animal life cycle events, is also affected by climate change. Worldwide, 677 species 
were quantitatively assessed in which 27% showed no trends in phenologies, 9% showed trends 
towards delayed spring events, and the majority, 62% showed trends towards spring 
advancement (Parmesan & Yohe 2003). Of these shift changes, an overwhelming majority of 
species examined (87%) occurred in the direction expected from climate change (P< 0.1 X 10-
12). Another meta-analysis of 1,468 species found a comparable result with 81% (90% CI: 73.4–
88.6%) of the shift changes occurring in the expected direction (Root et al 2003). Trends of early 
life cycle changes were observed in multiple taxa including; frog breeding, first flowering, tree 
budburst, bird nesting and arrival of migrant birds and butterflies.  

Changes in phenology are important to ecosystem function because the level of response to 
climate change can vary across functional groups and several trophic levels. The decoupling of 
phenological relationships will have important implications by altering trophic interactions and 
causing eventual ecosystem-level changes. Studies performed here locally already show that 
decoupling is occurring. In Lake Washington, due to long-term climate warming and large-scale 
climatic patterns like Pacific decadal oscillation (PDO) and El Niño–southern oscillation 
(ENSO), phytoplankton spring bloom occurs 19 days earlier than it did in 1962, whereas the 
peak for zooplankton has advanced at either slower rates or remained stable (Winder & Schindler 
2004).  

These changes have created a growing time lag between the spring phytoplankton peak and 
zooplankton peak, which can be especially critical to Daphnia. In addition, Daphnia are a major 
zooplankton prey for the juvenile sockeye salmon in Lake Washington. Hampton et al (2006) 
found that the gap between the arrival date of juvenile sockeye and the spring peak onset of 
Daphnia has been increasing over the past nine years. Consequently, sockeye are forced to 
forage on less desirable and nutritious prey for longer periods of time. Such temperature driven 
phenological changes have the potential to severely impact the balance of native communities.  

Placeholder: Additional phenological impacts, for example migration, wintering birds, 
pollinator/flowering timing.  

Productivity  

Rising temperatures in the future are predicted to increase overall forest productivity. However, 
this increase will not be uniform across elevations. Lower elevations will experience declines in 
productivity while an increase of productivity in many higher elevation forests partially offset 
those declines (Nakawatase & Peterson 2006; Latta et al. 2010). For example, Douglas-fir is 
limited by high growing season temperatures and low growing season precipitation at low to mid 
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elevations (495–1133m), but at high elevation (1036-1450m) current-year high temperatures lead 
to above-average growth (Case and Peterson 2005).  

Natural Hazards  

Dry, warm conditions in the seasons leading up to and including the fire season are associated 
with increased area burned and more numerous fires in the western region of the United States 
(Heyerdahl et al 2008; Littell et al 2009). In the Puget Sound/Georgia basin region, even though 
there is an abundant fuel load, typically the climate has been a limiting factor for fires due to 
high moisture levels preventing ignition and spread (Bessie and Johnson 1995). However, with 
climate gradually becoming hotter and drier the frequency and intensity of fire is increasing. In 
the western U.S., wildfire frequency from 1987-2003 has increased roughly four times the 
average of 1970-1986 values, and the total area burned by these fires was more than six and a 
half times its previous level (Westerling et al 2006). This pattern is seen more specifically in the 
Western Cascade Range of Washington, with an average of 445 hectares (ha) burned from 1980-
2006, with an expected increase to 769 ha by 2020’s, 1295 ha by 2040’s, and 3683 ha by 2080’s 
based on statistical fire models that explain 50-65% of the variability in area burned (Climate 
Impacts Group 2009). Summer temperature, which the climate modeling community has high 
confidence in future predictions of, is the most important factor when considering the amount of 
area burned (Lawler and Mathias 2007). Thus, the projected increases in wildfire should be seen 
as highly likely and disturbance from fire will have an increased role in impacting forest 
communities and associated ecosystem services.  

In the Salish Sea ecosystem, warmer climate, lower precipitation, reduced snowpack and earlier 
snowmelt along with increased vegetative activity, enhances soil drying and causes a decrease in 
summer soil moisture (Climate Impacts Group 2009). With the 50th percentile being equal to 
mean historical values, soil moisture is projected to decrease and be in the 38th to 43rd percentile 
by the 2020s, 35th to 40th percentile by the 2040s, and 32nd to 35th percentile by the 2080s. 
Although summers are predicted to be drier, the shift towards wetter autumns will have an 
impact on landslide frequency. Currently the highest landslide frequency along the southwest 
coast of British Columbia occurs during the autumn (Jakob & Lambert 2009). Models predict 
that on average, a 10% increase in 4 week antecedent rainfall and a 6% increase in 24-hour 
precipitation can be expected by the end of the next century (Jakob & Lambert 2009). This 
increased level of soil saturation during autumn suggests landslides will occur even more 
frequently than they do currently, but it is not clear what the magnitude of this increase will be.  

Placeholder: Additional natural hazards, including storms  

Pressure: Thermal Expansion  

Globally, climate change is driving a thermal expansion of the world’s oceans. When the air 
temperature rises, the ocean absorbs more of this heat. As the water temperature rises it also 
decreases in density which causes an expansion in volume; thus producing a rise in sea level. 
Since the circulation of the ocean slowly brings cold, deep water into contact with the increased 
thermal conditions at the surface, thermal expansion of the ocean will continue for roughly 1000 
years after atmospheric temperature becomes stable (Mote et al 2008b).  
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Pressure: Melting of Land Ice  

Global climate change is causing a decline of the world’s glaciers and ice sheets (For details 
regarding Cascade Range glaciers see Impacts within Weather/Temperature Pressure sections 
above). The rate of change in land ice can be determined by looking at its mass balance. Mass 
balance is measured by determining the amount of snow accumulated during winter, and then 
measuring the amount of snow and ice removed by melting in the summer. The mass balance is 
the difference between these two measurements. Globally and locally the overall trend during the 
20th century has been a decrease in the mass of land ice (IPCC 2007; Pelto 2008).  

State: Sea Level  

Sea level rise can result from either ocean thermal expansion, melting of land ice or both. Global 
sea level is rising due to these two factors, although each contributes a varying amount towards 
the overall rise. Antonov et al (2005) and Ishii et al (2006) both found similar rates of expansion 
of the world’s oceans over the latter half of the 20th century. According to their research, the 
decades of 1955-2003 show sea level change of 0.33 ± 0.07 and 0.36 ± 0.06 mm yr–1 
respectively. The last decade of this period, 1993-2003, shows sea level change of 1.2 ± 0.5 mm 
yr–1. However, more recent estimates of this same 1993-2003 period are slightly lower at 0.8 
mm yr–1 (Domingues et al 2008). Meanwhile, glaciers and icecaps are estimated to have 
contributed to sea-level rise about 0.4 mm yr-1 from 1961 to 1990, increasing to 1.0 mm yr-1 
from 2001 to 2004 (Church et al 2008). Thus, both thermal expansion and land ice melting seem 
to be increasing in rate going into the 21st century.  

Projections into the 21st century by the IPCC fourth assessment report (2007) indicate that global 
sea level rise is expected to rise between 18 and 38 cm for their lowest emissions scenario, and 
between 26 and 59 cm for their highest emissions scenario. However, locally in the Puget 
Sound/Georgia Basin, sea level rise is determined by sea-level changes relative to the local land 
rather than the global average sea-level changes (Church et al 2008). The two global pressures 
(thermal expansion and melting of land ice) combine with local pressures (tectonic movement) to 
alter the state of the region’s sea level, giving a relative sea level rise.  

The rate and direction of tectonic movement varies across the Salish sea ecosystem (Climate 
Impacts Group 2009). The Northwest Olympic Peninsula has the highest rates of tectonic uplift, 
roughly 2 mm/yr. While the central and southern Washington coast have lower uplift rates of less 
than 1 mm/yr. South Puget Sound has seen an opposite trend and has been subsiding at a rate of 
2 mm/yr.  

Based on the rate and direction of tectonic shift as reported by the Climate Impacts Group (2009), 
coupled with the average of the six central values from the six IPCC scenarios, a medium 
advisory level of sea level rise by location in Washington State is given (Mote et al 2008b). By 
midcentury (2050) sea level is advised to increase by 0 cm in the Northwest Olympic Peninsula 
(range: -12 to +35 cm), 12.5 cm on the central/southern coast (range: +3 to +45 cm) and 15 cm in 
Puget Sound basin (range: +8 to +55 cm). Projecting out 50 years farther to 2100, sea level 
increases 4 (range: -24 to +88 cm), 29 (range: +6 to +108 cm), and 34 cm (range: +16 to +128) 
in the Northwest Olympic Peninsula, central/southern coast, and Puget Sound basin respectively. 
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However, it is stressed by Mote et al (2008b) that these calculations have not formally quantified 
the probabilities, sea level rise cannot be estimated accurately at specific locations, and these 
numbers are for advisory purposes and are not actual predictions.  

Impacts: Although the magnitude of future sea level rise is uncertain, the major impacts are 
likely to be inundation, flooding, erosion and infrastructure damage. Sea-level rise leads to 
coastal flooding through direct inundation providing an increase in the base for storm surges, 
allowing flooding of larger areas and higher erosion rates. Sea level rise is predicted to increase 
erosion and flooding rates on the bluffs and beaches of the Puget Sound/Georgia Basin (Climate 
Impacts Group 2009), although the magnitude of change will depend on location and topography.  

Sea level rise will cause the landward migration of the shoreline (and associated human 
enterprise and settlement) as waves break higher on the beach profile. While erosion is a natural 
episodic process, occurring mainly during infrequent events, such as storm surge waves during 
high tide, sea level rise will intensify this process. In general, for the region, beach erosion rates 
will vary depending on geomorphic characteristics, and extent of shoreline armoring (Finlayson, 
2006). The Climate Impacts Group (2009) looked specifically at Bainbridge Island beaches. 
They found that locations most susceptible to inundation are the uplifted beach terraces on the 
southern third of the island and most of the islands bays and coves. About 48% of the shoreline 
is armored and NOAA recommends that unnecessary armoring structures, especially those that 
intrude into the intertidal zone, be either modified or removed. This is due to armoring generally 
causing a loss of sediment and shallow water habitat, which results in deeper water and higher 
energy waves which weaken the protective structure (See Increased Armoring in Shoreline 
Development section of this Chapter for further information).  

Coastal bluffs will also be affected by sea level rise. Steep bluffs rim more than 60% of the Puget 
Sound shoreline, rising 15 to 150 meters (Johannessen & MacLennan 2007). Bluff erosion is a 
natural ongoing process that provides sediments to beaches. The erosion rate of a bluff is 
affected by geology, waves, and weather; thus varying amongst locations. Highest erosion rates, 
2-10 cm/yr, are found in the Northern Straits because of greater wave exposure and poorly 
consolidated sediments. Common erosion rates farther south are on the order of a few 
centimeters a year, or less, in most locations.  

The Climate Impacts Group (2009) looked specifically at the bluff erosion rates on Whidbey, 
Bainbridge and the San Juan Islands. Bluff erosion rates on Whidbey occur at a rate of one-61 
cm/yr with landslides occurring frequently on the western shore. Bainbridge erosion rates vary 
between 5-15 cm/yr, with 20% of the shoreline classified as unstable. In contrast, the San Juan 
Islands with highly resistant bedrock bluffs, have relatively trivial erosion. These three sites 
illustrate the variety of responses expected to be seen as future sea level rises. Sites such as 
Whidbey and Bainbridge will be subject to increased hazards of erosion, landslides and damage, 
while sites like the San Juan Islands will be unlikely to be significantly affected due to the 
differences in substrate; sand for Whidbey and Bainbridge versus bedrock for San Juan Islands.  

Placeholder: Infrastructure damage (ex: stormwater and wastewater)  

Placeholder: Impacts of sea level rise on distribution of human population  
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Pressure: Large and local scale atmospheric forcing  

In the Pacific Northwest, El Niño/Southern Oscillation (ENSO) and Pacific Decadal Oscillation 
(PDO) are both large scale patterns of hemispherical climate variability involving sea surface 
temperature fields that each create comparable warm and cool phases (Moore et al 2008a). 
However, the PDO phases persist for 20-30 years, whereas the ENSO only occurs for 6-18 
months (Mantua and Hare 2002). The translation of ENSO and PDO related changes into 
observable changes in oceanographic properties can be variable and indicates local forcings are 
also involved. Thus, one local climate forcing parameter, surface air temperature, is found to be 
the primary cause of variability in the temperature of the Puget Sound, with effects of ENSO and 
PDO being secondary (Moore et al 2008a). In particular, winter is the season with the greatest 
coupling of both local and large scale forcings, with sea surface temperature having significant 
correlations to all scales of forcings during this season (Moore et al 2008a).  

Placeholder: More detail on circulation, local weather and winds as forcings of SST.  

State: Sea Surface Temperature  

Globally, observations since 1961 show that while land regions have warmed faster than the 
oceans, the ocean has been taking up over 80% of the heat being added to the climate system and 
the average temperature of the global ocean has increased to depths of at least 3000m (Field et al 
2007). This pattern holds true for the Pacific Northwest, where modeled sea surface temperature 
is 1.2°C higher, which is less than land area warming (2.0°C), but is still a significant increase 
relative to the inter-annual variability of the ocean (Climate Impacts Group 2009).  

Impacts:  

The coastal sea surface temperature of the Pacific Northwest helps determine the biological and 
physical conditions of the marine environment and estuaries. The Climate Impacts Group (2009) 
expects that by the year 2100, surface water temperatures in Puget Sound will increase by 
roughly 6°C. Since temperatures higher than 13°C promote harmful algal blooms, an increase of 
this magnitude is likely to cause earlier and longer lasting blooms. For example, from 1921-2007, 
the planktonic dinoflagellate Alexandrium catenella, which is associated with paralytic shellfish 
poisoning, had a 68 day window where temperatures reached the 13°C threshold for optimal 
growth (Moore et al 2008b). Scenarios for warmer sea surface temperature conditions in the 
future of 2, 4, and 6°C will expand that optimal window by 69, 127, and 191 days respectively.  

Placeholder- productivity, higher trophic level impacts, phenological impacts (migration, 
spawning), hypoxia  

Pressure: Ocean Acidification  

Atmospheric CO2 concentration is approximately 387 parts per million by volume (Le Quéré et 
al 2009). This level has not been reached in at least 650,000 years, and it is projected to increase 
by 0.5% per year (Guinotte and Fabry 2008). In recent decades, only half of anthropogenic CO2 
has remained in the atmosphere; of the remaining half, 20% has been taken up by the terrestrial 
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biosphere and 30% by the oceans (Feely et al 2004). As the global ocean absorbs atmospheric 
carbon dioxide, these increasing concentrations are reducing ocean pH and carbonate ion 
concentrations, resulting in the oceans’ acidification (Orr et al 2005).  

State: Increased Ocean pH  

Since the Industrial Revolution, the global ocean surface pH has dropped by 0.1 pH units 
(Guinotte and Fabry 2008). This corresponds to approximately a 30% increase in hydrogen ion 
concentration. According to Feely et al. (2004) by the end of the century, estimates of 
atmospheric and oceanic CO2 concentrations are predicted to be over 800 ppm. Additionally the 
level of ocean surface dissolved inorganic carbon would increase by 12%, with carbonate ion 
concentration decreasing by about 60%. The associated drop in pH would be roughly 0.4 units in 
surface waters.  

In Puget Sound, acidification accounts for 24% of the pH decrease in the summer and 49% in the 
winter relative to preindustrial values (Feely et al 2010). Under the predicted doubling of 
atmospheric CO2 levels by the end of the century, the contribution of acidification on the 
decrease in pH would increase to 49% in the summer and 82% in the winter (Feely et al 2010).  

Impacts:  

Depth offers no protection from ocean acidification; the deepest communities, such as cold-water 
corals in each ocean will be the first to experience a shift from saturated to unsaturated 
conditions and will contract in vertical depth distribution (Doney et al 2009). By 2100, 70% of 
cold-water corals, key refuges and feeding grounds for commercial fish and shellfish species, 
will be exposed to acidified waters.  

Along the west coast of Washington, the seasonal upwelling of acidified deep water reaches 
depths of 40-120m on the continental shelf (Feely et al 2008). While this is a natural 
phenomenon in the region, the oceanic uptake of anthropogenic CO2 has increased the areal 
extent and the potential threat of these acidified waters to many calcifying species that live along 
the coast. Increasing ocean acidification reduces the availability of carbonate minerals, important 
building blocks for marine plants and animals, and thus reduces the rate of calcification 
(Andersson et al 2008). Data from multiple studies compiled by Fabry et al (2008) indicate that 
foraminifera, molluscs, and echinoderms demonstrate reduced calcification and sometimes 
dissolution of CaCO3 skeletal structures when exposed to decreasing pH conditions. Ocean 
acidification may cause these calcareous marine species to decline, and be replaced by non-
calcareous counterparts (Wootton et al 2008) altering the food web and community structure.  

Placeholder- Detailed information on shifts in species dominance and community composition, 
altered food webs. ''' Pressure: UV Irradiance'''  

UV radiation is classified as UV-A (315–400 nm), UV-B (280–315 nm), and UV–C (100–280 
nm) (Kerr and Fioletov 2008). The shorter the wavelength, the more harmful it becomes to 
species health. If adequate amounts of ozone are present in the atmosphere, it effectively cuts off 
shortwave radiation at 290nm. Thus, there are important effects of changes in the intensity of 
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solar UV-radiation resulting from stratospheric ozone depletion, particularly UV-B radiation 
(Solomon 2008). Since ozone strongly absorbs the radiation at UV wavelengths detrimental to 
most biological species, a decrease in stratospheric ozone could have a significant impact on the 
biosphere (Kerr and Fioletov 2008).  

State: Increased UV Radiation  

There are variations in incident UV radiation as a function of latitude and longitude, as well as 
major inter-hemispheric differences for the same latitude and season over the ocean (Ahmad et al. 
2003) It is estimated that for every 1% decrease in stratospheric ozone, there is a 1% to 2% 
increase in UV-B transmitted to the ocean (Zhou et al 2009). In the Pacific Northwest, for UV 
wavelengths of 380nm and 310nm, the maximum depth limit for UV biological effectiveness 
based on the absorptive properties of pure ocean water plus the added absorption and scattering 
of dissolved and suspended materials is 30 to 40 meters (Ahmad et al. 2003).  

Impacts:  

Placeholder‐ reduced productivity by phytoplankton and submerged vegetation  

Data Gaps and Uncertainties  

A major uncertainty associated with future climate change predictions are the future emission 
levels of greenhouse gasses. This uncertainty can be partially alleviated by assessing multiple 
scenarios of various intensities of radiative forcing, for example the Climate Impacts Group 
(2009) used 20 such models in their predictions. However, uncertainty in how the climate system 
will respond is still prevalent. Zickfeld et al (2010) asked 14 leading climate scientists what 
contributes most to the uncertainty associated with different radiative forcing scenarios. The 
scientists ranked cloud radiative feedback as the factor contributing the most to uncertainties in 
future global mean temperature change for all scenarios. In addition, the climate scientists expect 
that even with new research there will only be modest reductions in uncertainty over the next 20 
years (Zickfeld et al 2010). These uncertainties should be considered with developing 
management responses.  
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Driver: Residential, Commercial and Industrial Development 

Perhaps the single greatest source of transformation in the Salish Sea terrestrial ecosystem is the 
conversion of lowland forests to a mosaic of residential, commercial and industrial lands created 
for human use. The state population, currently at over 6 million people, doubled over the last 40 
years and is predicted to reach 8 million by 2030 (WOFM 2010). The highest population density 
is within the Puget Trough region (WOFM 2010). Changes in the landscape are driven by 
expanding human populations associated with growing businesses (e.g., Microsoft, Amazon.com, 
Boeing) and rich natural amenities (Alberti 2008), and changing family structure (single parent 
households associated with high divorce rates have greatly increased the demand for residential 
dwellings; Morrill 1992—see http://faculty.washington.edu/morrill/). Populations are expanding 
in the cities and exurban environments (Alberti et al. 2003; Alig et al. 2004; UNFPA 2007; 
WOFM 2007, 2010; Alberti 2008; Grimm et al. 2008). Increasing population growth results in 
more roads, more industry, more houses, more transportation, and more businesses. These 
changes mean positive changes to income, business growth, etc. However, we only focus in the 
current draft on the terrestrial ecological changes resulting from residential, commercial and 
industrial development rather than the benefits to human health and well-being; additionally, 
negative impacts of ecological changes on human health and well-being, such as impaired water 
quality and decreased resource availability, are currently omitted. Effects of development on 
nearshore ecosystems are discussed separately (see “Threat: Shoreline Modification”). We also 
treat agriculture separately due to the distinct set of pressures, states and impacts associated with 
this distinct type of development (see “Threat: Agricultural Practices (Placeholder)”).  

Development-related land uses associated with residential, employment and commercial 
activities span a gradient of density and intensity from compact, highly developed urban, 
commercial and industrial centers to the more sparsely developed exurban and rural fringes 
(Alberti et al. 2004; Pickett et al. 2008). These drivers result in a diverse range of ecological 
effects (Alberti 2005). Development broadly encompasses low- to high-density housing as well 
as retail stores and businesses, industrial production and storage facilities, and transportation 
infrastructure. In the Driver-Pressure-State-Impacts-Response (DPSIR) model, these activities 
are represented in the “Drivers” (Figure 2).  

Below, we review the Pressures associated with residential, commercial and industrial 
development, and the resultant State changes and system Impacts. Our primary focus in the 
current draft is on States and Impacts resulting from land use/land cover change as a Pressure in 
the Salish Sea ecosystem. Such effects manifest themselves at multiple levels, from ecosystems 
to species, and within both terrestrial and aquatic systems. States and Impacts associated with the 
Pressure of infrastructural demands will be addressed in future revisions. Increased chemical 
inputs, both naturally and anthropogenically derived, are a significant development associated 
Pressure (Figure 2). Chemical contaminants are reviewed more broadly and fully under “Threat: 
Pollution.” Additionally, Chapter 4, Effectiveness of Strategies to Protect and Restore the 
System, addresses the human Response to the problems associated with development, and will 
not be covered in this chapter.  
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Placeholder – positive and negative impacts of residential, commercial and industrial development on human 
health, socioeconomics and overall well‐being  

 

Figure 2. Driver-Pressure-State-Impacts-Response conceptual model for residential, commercial 
and industrial development in the Salish Sea ecosystem.  

1. Pressure: Land Use/Land Cover Changes  

Development is most visibly characterized by significant land use and land cover (LULC) 
transformations. In terrestrial systems of the Salish Sea region, forests, wetlands, prairies and 
agricultural lands are converted to residential, commercial and industrial uses. The rates of 
conversion have increased significantly in the late 20th century and are projected to continue to 
increase (Alig et al. 2004; Alberti 2005; Robinson et al. 2005; White et al. 2009). The region 
most heavily impacted by the human footprint in Puget Sound is in the central Sound: the 
amount of developed lands increased from 16% to 23% of the total area between 2002 and 2007 
(Alberti et al. 2004; Hepinstall et al. 2008), an increase of approximately 1.4 percent per year. 
Continued development at this rate will result in developed lands extending well into the 
Cascade Mountain foothills by 2027 (Hepinstall et al. 2008).  

Transformations of both land cover composition and configuration in the Puget Sound watershed, 
particularly in the central Sound region of Snohomish, King, Pierce and Kitsap Counties, have 
been extensive. In an analysis of LULC change in central Puget Sound, Alberti et al. (2004) 
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measured a 6.7 percent increase in paved urban areas and a 7.8 percent increase in mixed urban 
areas from 1991 to 1999. Largely associated with increasing urbanization in the region, almost 
half of the land converted to urban land uses occurred in the Seattle metropolitan region, and 
included significant conversion of adjacent forests (Alberti et al. 2004). Similarly, Hepinstall et 
al. (2008) examined trends in LULC change in the central Puget Sound region from 1991-2002, 
and developed a model to forecast future trends of change. Between 1991-1995, observed annual 
rates of agriculture and coniferous forest loss were 8.0 and 2.3 percent per year, respectively. 
From 1995-1999, rates of agriculture loss slowed to 1.3 percent per year and coniferous forest 
began to show an increase of 1.0 percent per year (mostly as a result of regenerating forests in 
the uplands), but mixed deciduous-coniferous forest declined by 4.7 percent per year. By 
spatially extrapolating these trends into the future, Hepinstall et al. (2008) forecasted mature 
forest cover composition will decline from approximately 45% in 1999 to 27-30 percent of the 
total central Sound area by 2027. Significant native vegetation cover still remains in the Puget 
Basin: 53 percent of the central Puget Sound region was still composed of forested lands (down 
from 66 percent in 2002; Alberti 2009). However, the above trends suggest that land conversion, 
particularly of forests, has occurred and continues to occur at a considerable rate.  

State: Vegetation Fragmentation and Loss  

The most dramatic examples of LULC change result in the loss and fragmentation of plant cover. 
Fragmentation and loss describe two interrelated facets of landscape composition and pattern 
(Turner et al. 2001; Alberti and Marzluff 2004). Loss of native vegetation results from 
replacement by other land cover types, particularly those associated with residential development 
(e.g., buildings, roads, and planted landscapes). This loss affects land cover composition and 
changes ecosystem processes (Fahrig 1997; Alberti and Marzluff 2004; Wiegand et al. 2005; 
Donnelly and Marzluff 2006). Additionally, fragmentation can introduce sharp ecotones or edges 
that affect both material flows in ecosystems (Wickham et al. 2002; Walsh et al. 2005) and 
habitat conditions for species (deMaynadier and Hunter 2000; Hansen et al. 2005), particularly 
when there is a strong contrast between adjacent land cover types (e.g., impervious surface 
adjacent to forest). Since the vegetation loss and fragmentation are generally correlated and their 
interactions are difficult to untangle, we discuss their combined effects.  

Impacts:  

Development-related LULC change leads to impacts across and between scales, from the 
landscape and ecosystem level down to the species level. Most readily apparent are changes in 
the spatial pattern and configuration of landscapes such as the fragmentation of forests. 
Landscape fragmentation impacts ecosystems at multiple scales and levels of organization: it 
affects the distribution and persistence of species (Wiegand et al. 2005; Donnelly and Marzluff 
2006), as well as fluxes of nutrients and water (Baker et al. 2001b; Wickham et al. 2002; Walsh 
et al. 2005). Even regions of low-density development, in which a significant percent of the 
landscape is comprised of forest, can exhibit significant levels of fragmentation due to inclusions 
of roads, houses, and other structures (Hansen et al. 2005). Bisection of (forest) habitats by roads 
has significant population-level impacts on many species (deMaynadier and Hunter 2000; Steen 
and Gibbs 2004), particularly for those who are attracted to habitats near or that regularly cross 
roads and are struck by vehicles (Fahrig and Rytwinski 2009). Human-induced and -maintained 
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land cover characteristics such as lawns and power transmission corridors modify biophysical 
structure and biogeochemical fluxes (e.g., Kaye et al. 2006) and negatively affect the persistence 
of native species assemblages (e.g., Alberti and Marzluff 2004; Hansen and Clevenger 2005). 
The specific spatial characteristics of fragmentation and its associated impacts are generally 
dependent on the intensity of development, which ranges from urban centers to rural fringes, 
(Alberti 2005; Alberti et al. 2007). Therefore, the threats to ecosystems not only result from the 
amount of vegetation conversion but also the resulting spatial pattern of the vegetation.  

Entire ecosystems and ecological communities are threatened by LULC changes and associated 
impacts. For example, western Washington’s native grasslands and oak woodlands have declined 
to less than 3% of the pre-European settlement areal extent (Crawford and Hall 1997). Factors 
contributing to their decline and degradation include urban and agricultural conversion, fire 
suppression, conifer tree invasion and invasion by non-native and invasive species (Giles 1970; 
Agee 1993; Clampitt 1993; Crawford and Hall 1997; Chappell et al. 2001). The prairies and oak 
woodlands of western Washington are composed of eight international vegetation classification 
plant associations that are now critically globally imperiled or globally imperiled (Washington 
Department of Natural Resouces 2007; Natureserve 2008). As a result, many species of plants 
and animals associated with these ecosystems are also of conservation concern because of 
population declines, local extirpation, or close associations with declining plant communities 
including the golden paintbrush (Castilleja levisecta), Taylor’s checkerspot butterfly 
(Euphydryas editha taylori), streaked horned lark (Eremophila alpestris strigata), and mazama 
pocket gopher (Thomomys mazama) (Dunn and Ewing 1997; Stinson 2005; Camfield et al. 2010).  

Placeholder – ecosystems that are most threatened or have been lost  

The loss of extensive, contiguous mature forest ecosystems is one of the most significant 
consequences of LULC change associated with development. Changes in the composition and 
configuration of landscapes result in significant changes to biogeochemical and hydrologic 
cycling. Vegetation and soils within forested ecosystems mediate the cycling of nutrients and 
water. As vegetation composition and pattern changes with increasing development, these 
ecosystem functions are altered. However, because the changes in biogeochemistry and 
hydrology that result from development go beyond the impacts of vegetation fragmentation and 
loss, we discuss the specific impacts in greater detail below (see “State: Altered Biogeochemistry 
and Hydrology).  

A number of studies demonstrate the impacts of vegetation fragmentation and loss on instream 
biotic conditions, highlighting the existing linkages between terrestrial and freshwater 
ecosystems. Expanding on a previous study of urban land use impacts on biotic integrity (Booth 
et al. 2004), Alberti et al. (2007) examined relationships between landscape composition 
(directly related to vegetation amount) and configuration (including levels of fragmentation and 
edge contrasts) in the central Puget Sound and benthic indices of biotic integrity. They found a 
strong negative relationships between benthic indices of biotic integrity and contiguity of urban 
land cover, a somewhat weaker negative relationship with overall imperviousness, and still 
weaker but significant negative relationships with road density and road crossings. They 
observed these relationships between benthic indices of biotic integrity and landscape pattern 
both at the level of drainage basins and within 100-300 m buffers around streams. Refined and 
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expanded observations by Shandas and Alberti (2009), however, determined that within the 
immediate vicinity of streams, instream biota are affected by the percent vegetation cover, not 
the configuration of vegetation. Collectively, these measures of stream biotic integrity (Morley 
and Karr 2002) relate significantly to overall water quality conditions (see below for further 
discussion of such impacts) as a function of development-related landscape changes. 
Implications of these studies point to the potential effectiveness of increasing the amount of 
upland vegetation and connectivity for mitigating downstream flow rates and volumes, 
particularly as result of high imperviousness in urbanized landscapes.  

Placeholder – impacts of vegetation fragmentation and loss on riparian and stream ecosystems  

Some important/useful references and information to include in this subsection:  

• Key publications out of the River History Project and the various ages of the Water 
Center  

o Beechie, T., B. D. Collins, and G. Pess. 2001. Holocene and recent changes to 
fish habitats in two Puget Sound basins. In: J. M. Dorava, B. Palcsak, F. 
Fitzpatrick, and D. R. Montgomery, eds. Geomorphic Processes and Riverine 
Habitat. American Geophysical Union, Washington, D. C. pp. 37-54.  

o Collins, B. D., and D. R. Montgomery. 2002. Forest development, wood jams and 
restoration of floodplain rivers in the Puget Lowland. Restoration Ecology 10: 
237-247.  

o Collins, B. D., D. R. Montgomery, and A. D. Haas. 2002. Historical changes in 
the distribution and functions of large wood in Puget Lowland rivers. Canadian 
Journal of Fisheries & Aquatic Sciences 59: 66-76.  

o Montgomery, D. R., B. D. Collins, J. M. Buffington, and T. B. Abbe. 2003. 
Geomorphic effects of wood in rivers. In: S. V. Gregory, K. L. Boyer, and A. M. 
Gurnell, eds., The Ecology and Management of Wood in World Rivers, American 
Fisheries Society Symposium 37. American Fisheries Society, Bethesda, MD. pp. 
21-48.  

• fundamental shifts in vegetation from conifer dominated to alder and other deciduous and 
herbaceous vegetation along the shores of Lake Washington (Davis, M. B. 1973. Pollen 
evidence of changing land use around the shores of Lake Washington. Northwest Science 
47:133–148)  

• effects of alder on instream nutrient levels (Volk, C. J., P. M. Kiffney, R. L. Edmonds. 
2003. Role of riparian red alder (Alnus rubra) in the nutrient dynamics of coastal streams 
of the Olympic Peninsula, WA, U.S.A. American Fisheries Society Special Publication 
34: 213-228.)  

• effects of urbanization and changing riparian vegetation on nutrient inputs to small 
streams (Roberts, M.L. and R.E. Bilby. 2009. Urbanization alters litterfall rates and 
nutrient inputs to small Puget Lowland streams. JNABS 28:941-954.)  

• Two volumes of JNABS focused on urbanization (v 24 and v 28):  
o Booth, D. B. 2005. Challenges and prospects for restoring urban streams: a 

perspective from the Pacific Northwest of North America. Journal of the North 
American Benthological Society 24:724-737.  
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o Brown, L. R., T. F. Cuffney, J. F. Coles, F. Fitzpatrick, G. McMahon, J. Steuer, A. 
H. Bell, and J. T. May. 2009. Urban streams across the USA: lessons learned from 
studies in 9 metropolitan areas. Journal of the North American Benthological 
Society 28:1051-1069.  

o Carter, T., C. R. Jackson, A. Rosemond, C. Pringle, D. Radcliffe, W. Tollner, J. 
Maerz, D. Leigh, and A. Trice. 2009. Beyond the urban gradient: barriers and 
opportunities for timely studies of urbanization effects on aquatic ecosystems. 
Journal of the North American Benthological Society 28:1038-1050.  

o Feminella, J. W. and C. J. Walsh. 2005. Urbanization and stream ecology: an 
introduction to the series. Journal of the North American Benthological Society 
24:585-587.  

o Grimm, N. B., R. W. Sheibley, C. L. Crenshaw, C. N. Dahm, W. J. Roach, and L. 
H. Zeglin. 2005. N retention and transformation in urban streams. Journal of the 
North American Benthological Society 24:626-642.  

o Meyer, J. L., M. J. Paul, and W. K. Taulbee. 2005. Stream ecosystem function in 
urbanizing landscapes. Journal of the North American Benthological Society 
24:602-612.  

o Morgan, R. P. and S. E. Cushman. 2005. Urbanization effects on stream fish 
assemblages in Maryland, USA. Journal of the North American Benthological 
Society 24:643-655.  

o Roberts, M. L. and R. E. Bilby. 2009. Urbanization alters litterfall rates and 
nutrient inputs to small Puget Lowland streams. Journal of the North American 
Benthological Society 28:941-954.  

o Roy, A. H., M. C. Freeman, B. J. Freeman, S. J. Wenger, W. E. Ensign, and J. L. 
Meyer. 2005. Investigating hydrologic alteration as a mechanism of fish 
assemblage shifts in urbanizing streams. Journal of the North American 
Benthological Society 24:656-678.  

o Roy, A. H., A. H. Purcell, C. J. Walsh, and S. J. Wenger. 2009. Urbanization and 
stream ecology: five years later. Journal of the North American Benthological 
Society 28:908-910.  

o Smith, R. F., L. C. Alexander, and W. O. Lamp. 2009. Dispersal by terrestrial 
stages of stream insects in urban watersheds: a synthesis of current knowledge. 
Journal of the North American Benthological Society 28:1022-1037.  

o Steuer, J. J., J. D. Bales, and E. M. P. Giddings. 2009. Relationship of stream 
ecological conditions to simulated hydraulic metrics across a gradient of basin 
urbanization. Journal of the North American Benthological Society 28:955-976.  

o Walsh, C. J., T. D. Fletcher, and A. R. Ladson. 2005. Stream restoration in urban 
catchments through redesigning stormwater systems: looking to the catchment to 
save the stream. Journal of the North American Benthological Society 24:690-705.  

o Walsh, C. J. and J. Kunapo. 2009. The importance of upland flow paths in 
determining urban effects on stream ecosystems. Journal of the North American 
Benthological Society 28:977-990.  

o Wenger, S. J., A. H. Roy, C. R. Jackson, E. S. Bernhardt, T. L. Carter, S. Filoso, 
C. A. Gibson, W. C. Hession, S. S. Kaushal, E. Marti, J. L. Meyer, M. A. Palmer, 
M. J. Paul, A. H. Purcell, A. Ramirez, A. D. Rosemond, K. A. Schofield, E. B. 
Sudduth, and C. J. Walsh. 2009. Twenty-six key research questions in urban 
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stream ecology: an assessment of the state of the science. Journal of the North 
American Benthological Society 28:1080-1098.  

Placeholder – impacts of vegetation fragmentation and loss on downstream estuarine/marine 
ecosystems  

Vegetation fragmentation and loss also impact the biodiversity and species composition of the 
region. A series of studies (Donnelly and Marzluff 2004, 2006; Blewett and Marzluff 2005; 
Marzluff 2005; Hepinstall et al. 2008, 2009) examined avian species richness and abundance 
along the urban-to-rural gradient in the Seattle metropolitan region. Overall diversity was highest 
at 40-60 percent forest cover, with the abundance and richness of native forest bird species 
decreasing with decreasing forest cover, and with synanthropic species (i.e., those that thrive in 
human-dominated environments) and, to a lesser degree, early successional species increasing at 
higher levels of development. Intermediate levels of forest cover (and greatest levels of 
fragmentation), characteristic of low density residential development and rural fringes, provide 
sufficient habitat for native forest species along with edge habitats and resource supplements 
favorable to early successional and synanthropic species (Donnelly and Marzluff 2004, 2006; 
Blewett and Marzluff 2005; Hansen et al. 2005; Marzluff 2005; Withey and Marzluff 2009). 
Overall declines in biodiversity occur at high levels of urbanization and forest loss (Donnelly and 
Marzluff 2004, 2006; Hepinstall et al. 2008, 2009; Whittaker and Marzluff 2009). It is important 
to note in this system, as in many ecological systems, diversity is increased by fragmentation of 
uniform land covers so that many distinct types of habitats are found in close proximity. When 
either forest or intensively built urban land dominates an area, diversity decreases. In addition, as 
the distance to neighboring forest reserves increases and/or the extent of such reserves decreases 
with increasing development, urban and suburban bird populations are likely to decline 
dramatically (Marzluff et al. 2007). Projecting such trends into the future, Hepinstall et al. (2008, 
2009) forecast reduced species diversity with the spread of development in the Puget trough, 
with sharper declines in forest and early successional species when forest cover is reduced below 
approximately 40 percent, and as developed areas become older and more established (hence 
losing their successional characteristics).  

Enhanced food and habitat choices for early successional and synanthropic species, associated 
with lower development densities, result in community level changes. Withey and Marzluff 
(2009) examined the relationships between American crow (Corvus brachyrhynchos) abundance 
and activity levels and land cover composition and configuration at three spatial scales in King 
County. Crow abundance at site (up to 200 ha) and within-site (approximately 18 ha) scales was 
strongly associated with mixed LULC characteristics: developed lands provide access to 
plentiful anthropogenic food resources while adjacent urban forest/maintained vegetation patches 
that provide access to insects and songbird nestlings and suitable nesting sites. At more localized 
scales of 400 m2, crows use the range of cover types relatively evenly. While, increased 
heterogeneity and edge habitats often result in increased nest predation by corvids, raptors, 
squirrels and raccoons, such effects have not been documented in the Salish Sea ecosystem 
(Marzluff et al. 2007). In fact, reduced predation in some urban settings has been shown to 
positively impact populations of urban birds which, in turn, resulted in top-down trophic effects 
on insect herbivory (Faeth et al. 2005).  
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Analogous shifts in predator-prey dynamics and trophic relationships occur with urban coyote 
(Canis latrans) populations. Landscape heterogeneity combined with supplemental 
anthropogenic food resources – including house cats – in urban ecosystems provide favorable 
habitat conditions for coyotes in the Puget Sound region (Quinn 1997a,b) and other urban 
settings (Crooks and Soulé 1999; Crooks 2002; Patten and Bolger 2003; Gehrt and Prange 2007). 
Observations do not yield uniform conclusions regarding these trophic interactions (Gehrt and 
Prange 2007) and illustrate the important role of specific species-habitat relationships (Patten and 
Bolger 2003) in determining such interactions. Nonetheless, coyotes feed on mesopredators such 
as cats and raccoons (Quinn 1997a), which can have indirect positive impacts on urban songbird 
productivity (Crooks and Soulé 1999; Crooks 2002).  

Placeholder – impacts on amphibian species  

Placeholder – impacts on fish species  

Placeholder – impacts on marine mammals  

Placeholder – impacts on breeding versus non‐breeding and resident versus migratory populations  
State: Increased Imperviousness  

Changes in LULC associated with residential, commercial and industrial development result in 
changes to hydrologic and material fluxes, volumes and pathways. At the more extreme level is 
the replacement of native vegetation with impervious surfaces: roadways, building structures, 
and artificial drainage pathways. Levels of imperviousness in urban landscapes result in 
modified surface- and groundwater pathways, water filtration and flow rates, which disrupts the 
balance between ground and surface water flows. Consequently, flows are linearized, more 
directly transported into streams and water bodies and result in more abrupt, extreme peaks in 
stream flow rates and volumes after storm events (Tague and Band 2001; Booth et al. 2002; 
Kaye et al. 2006). These modified pathways take both direct forms (e.g., culverts and stormwater 
drainage systems), and indirect forms (e.g., roads, building roofs, parking lots, and other built 
structures) that divert and focus water flow.  

One of the significant characteristics of impervious surfaces is their relative permanence. Once 
constructed, residential, commercial and industrial structures tend to remain in place or are 
replaced by new impervious structures (Alberti et al. 2004; Alberti 2008). Alberti et al. (2004) 
noted that 86 percent of the central Puget Sound region consisting of paved land cover in 1991 
was in the same state 8 years later. For mixed urban classes, which comprise between 15-75 
percent impervious surfaces, persistence from 1991 to 1999 was approximately 96 percent 
(Alberti et al. 2004).  

Impacts:  

As a result of increasing imperviousness associated with development, water, nutrients, bacteria, 
toxics and pollutants that would be absorbed, filtered and channeled by soils and vegetation in 
forested watersheds are more likely to be transported directly, more acutely, and in larger 
volumes, to streams, rivers, lakes, and ultimately the Salish Sea. By definition, impervious 
surface cover also impairs or prohibits the infiltration of water and nutrients into soils by creating 
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an impermeable barrier over soils and by compacting remnant soil layers (Ragab et al. 2003a,b; 
Gregory et al. 2006; Kaye et al. 2006). Managed lawns also act as semi-pervious, if not 
impervious, surfaces, despite their vegetative nature: they have shallow, densely packed rootmats 
that result in compacted soils that reduce permeability relative to native forest communities 
(Schueler 1995; May et al. 1997).  

Placeholder – expanded discussion of impervious surface impacts on hydrology and soils needed; 
e.g., C. P. Konrad, D. B. Booth, and S. J. Burges, 2005, Effects of urban development in the Puget 
Lowland, Washington, on interannual streamflow patterns: Consequences for channel form and 
streambed disturbance: Water Resources Research, v. 41(7), W07009, 
doi:10.1029/2005WR004097. See also other Water Center studies.  

Placeholder – expanded discussion of altered soil conditions such as compaction and reduced 
absorption  

Increased runoff from impermeable surfaces results in rapid and significant discharge of water, 
often highly contaminated into the Salish Sea. In the more extensively developed watersheds of 
central Puget Sound, stream gauge data indicate extensive fluctuations around annual mean daily 
flow volumes, and frequent occurrences of volumes above such levels . Krahn et al. (2007) 
attribute levels of persistent organic pollutants (POPs) occurring in resident Puget Sound marine 
mammals to direct transport of contaminants to water bodies, a consequence of imperviousness 
(Booth et al. 2002). A significant proportion of waterbodies in Washington listed as impaired for 
one or more pollutants under Section 303(d) of the Clean Water Act fall within the most 
developed regions that also have the highest impervious cover in the Puget Sound lowlands 
(Alberti et al. 2004).  

Increased water and contaminant runoff from impervious surfaces have significant implications 
for biotic conditions in the Sound/Basin ecosystem (see Pollution threat below). For example, 
Bilby and Mollot (2008) observed significant relationships between changes in land cover and 
coho salmon (Oncorhynchus kisutch) abundance. Urbanizing watersheds in the central and 
northern Sound, which in the late 1980’s provided habitat for approximately 20 percent of the 
total number of spawning fish, were occupied by less than 5 percent of total fish numbers by 
around 2000. They attribute these shifts to heightened runoff resulting from increased 
imperviousness, leading to both higher water flow rates and volumes and increased mobilization 
of contaminants relative to levels observed in watersheds dominated by rural residential and 
forested areas (Bilby and Mollot 2008). Benthic indices of biotic integrity (Morley and Karr 
2002; Booth et al. 2004; Alberti et al. 2007; Shandas and Alberti 2009) and fish (Matzen and 
Berge 2008) have declined as a consequence of the percent imperviousness within watersheds.  

Placeholder – impacts on other fish species, zooplankton, and broader food web structure and 
function  
State: Altered Biogeochemistry and Hydrology  

Changes in the vegetation structure within watersheds alter or remove the water and nutrient 
retentive capacity associated with intact forests (Tague and Band 2001; Wickham et al. 2002; 
Groffman et al. 2004, 2006; Kaye et al. 2006). Ecological functions performed by remnant urban 
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forest patches are diminished relative to their more connected, structurally and biologically 
complex exurban counterparts. Urban forests, for instance, exhibit higher potentials for nitrogen 
saturation (Wickham et al. 2002; Groffman et al. 2004; Zhu and Carreiro 2004). Water 
absorption into soils is also diminished or locally eliminated, particularly with higher levels of 
imperviousness. Changes in geomorphology and biota within urban riparian soils have been 
shown to lower denitrification potentials and thereby increase fluxes of nitrates into streams 
(Groffman et al. 2002, 2003, 2005). With losses of forest vegetation due to urban development, 
carbon sequestration will decline, with significant broader-scale implications for climate change 
(Churkina et al. 2010; Hutyra et al., in press). It should be noted, however, that recent research 
on forests along an urban-to-rural gradient in Seattle has pointed to significant carbon storage 
capacity within even urbanizing landscapes (Hutyra et al., in press).  

LULC changes result in additional sources and inputs of nutrients. Fertilization of residential and 
recreational lawns contributes to increased soil nitrogen concentrations and runoff levels (King 
and Balogh 2001; Valiela and Bowen 2002; Law et al. 2004; Hope et al. 2005; Toran and 
Grandstaff 2007). Pet waste has also been suggested to be a significant component in urban 
nitrogen budgets (Baker et al. 2001a). Atmospheric deposition of nitrogen is typically higher in 
urban areas as a result of transportation- and industry-related combustion activities (Vitousek et 
al. 1997; Valiela and Bowen 2002; Kaye et al. 2006).  

Impacts:  

Collectively, the above changes in material fluxes and concentrations contribute to increased 
pollution and sedimentation in streams. Brett et al. (2005) examined LULC-dependent 
contributions of nutrients and sediments to stream concentration levels along an urban-to-rural 
gradient in the central Puget Sound. They examined relationships between biophysical 
characteristics, such as land cover, topography and soils, and nutrient and sediment 
concentrations within 17 subbasins of the Cedar/Sammamish Water Resource Inventory Area. 
Compared with more completely forested basins, urban streams exhibited roughly 40% higher 
nitrogen levels and approximately 110% higher phosphorus levels. They note that though these 
nutrient discharge levels are lower than what might be observed within agricultural regions (e.g., 
Wickham et al. 2002; Weller et al. 2003), the levels have significant non-point source pollution 
implications.  

Development-related LULC changes also alter hydrologic flow rates and volumes, particularly 
through the introduction of impervious surfaces (see above). Booth et al. (2002) examined 
impacts of development-related modifications to hydrology in King County, WA, particularly in 
the context of stormwater runoff. They found that, as a consequence of altered hydrologic 
conditions, hydrographs for urban streams exhibited peak discharge rates that are as much as 
twice as high as under pre-development conditions. Beyond the immediate, direct impacts of 
imperviousness on urban hydrology, Booth et al. (2002) noted that upstream rural development 
can also have a significant impact on downstream water quality and quantity and stream channel 
stability, through land clearing and removal of riparian vegetation. Their results emphasize the 
importance of limiting imperviousness within hydrologically sensitive segments of drainage 
basins, but also the relatively more significant contribution that can be made by maintaining 
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significant upland forest cover (e.g., through clustered development) and riparian vegetation (see 
also Baker et al. 2001b).  

Cuo et al. (2009) compared hydrologic effects associated with lowland urban development to 
upland forest harvesting using a version of the Distributed Hydrology-Soil-Vegetation Model 
(DHSVM; see also Cuo et al. 2008) along with historic and current land cover and 
meteorological data. The hydrology of upland basins subject to forest harvest remained largely 
intact but with decreased evapotranspiration and faster snowmelt rates. Earlier snowmelt trends 
in the early 21st century, a function of shifting temperatures, have also led to decreased summer 
flows in upland regions. In lowland watersheds LULC change increased flows due to changes in 
infiltration and surface flows associated with urban development. Relative increases in flow rates 
and volumes in the lowland sites depended on the level of development within specific basins.  

Placeholder – expand discussion of impacts on riparian and stream ecosystems; additional 
references and information for effects of urbanization on stream hydrology and geomorphology  

Useful references:  

• D. B. Booth, 2005, Challenges and prospects for restoring urban streams: Journal of the 
North American Benthological Society, v. 24, pp. 724-737.  

• C. P. Konrad, D. B. Booth, and S. J. Burges, 2005, Effects of urban development in the 
Puget Lowland, Washington, on interannual streamflow patterns: Consequences for 
channel form and streambed disturbance: Water Resources Research, v. 41(7), W07009, 
doi:10.1029/2005WR004097.  
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State and Impacts: Physical Disturbance  

Placeholder – includes state changes of increased ambient light, noise and heat, and relative 
impacts on suitable conditions for species  

Placeholder ‐ State and Impacts: Altered Food Webs  

Placeholder‐ Pressure: Infrastructural Demands 

Placeholder‐ State and Impacts: Water Withdrawals  

State and Impacts: Wastewater ‐ Placeholder (link to Pollution threat)  

Placeholder ‐ State and Impacts: Stormwater  

Placeholder ‐ State and Impacts: Transportation Corridors  

Uncertainties and Information Gaps  

The review above highlights the myriad pressures, state changes and consequent impacts 
associated with residential, commercial and industrial development. The growing field of urban 
ecology (Alberti 2008) increasingly provides information and an understanding of the distinct 
community-, ecosystem- and landscape-level interactions that characterize developed lands, and 
the unique role of humans in such systems. Changes associated with development result in 
species composition shifts, and changes in ecological community structure and the flows of 
water and materials in the Salish Sea ecosystem (e.g., Hepinstall et al. 2008, 2009). As the region 
becomes increasingly developed, we can expect these resultant ecological shifts to expand in 
extent and intensity.  

Despite all that is known regarding ecological changes associated with development, significant 
gaps remain in quantifying the extent and relative magnitude of such impacts. A growing body of 
literature exists on shifts in bird, fish, and to some degree amphibian assemblages along urban-
to-rural gradients in Puget Sound. Much work remains, however, to systematically investigate 
changes in plant communities, for which some data are available but with few syntheses, and 
invertebrate communities, for which little data appears to be available. Interactions between taxa, 
such as competition, predation and trophic relationships associated with development, have also 
been explored for birds and in freshwater and marine systems, but remain to be examined for 
other significant taxonomic groups in the Sound. A more thorough investigation of federal, state 
and local government reports, as well as non-governmental organization documents, may in fact 
provide significant information to fill many of these gaps. Such an expanded compilation of 
information and syntheses is thus strongly recommended  

Syntheses examining biogeochemical impacts of residential, commercial and industrial 
development in the Salish Sea appear to be limited, particularly in the peer-reviewed journal 
literature. Much of the existing research on shifts in nutrient fluxes in developed landscapes such 
as changes in absorption and discharge rates associated with vegetation loss and increased 
imperviousness have come from studies in Baltimore (e.g., Groffman et al. 2002, 2003, 2004, 
2005; Law et al. 2004; Pickett et al. 2008) and Phoenix (e.g., Baker et al. 2001a; Hope et al. 
2005), the two urban ecosystem sites in the National Science Foundation’s Long-Term 
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Ecological Research network. Similar comprehensive investigations remain to be compiled for 
the Salish Sea ecosystem. Systematic exploration of nutrient, sediment and other material 
loadings as a function of LULC composition and configuration within various watersheds, 
particularly along urban-to-rural gradients, would greatly enhance our understanding and 
prediction of biogeochemical trends, and resultant ecological impacts. Significant data sources 
exist through sampling efforts of federal (e.g., US Geological Survey), state (e.g., Washington 
Department of Ecology) and local (e.g., King County Department of Natural Resources and 
Parks) agencies. Again, some of the needed syntheses may exist in, and hence be identified 
through an expanded survey of, the larger body of government agency reports. However, 
sampling in some watersheds is limited to a single station, which is insufficient to capture the 
heterogeneity of landscape conditions and biogeochemical sources. Beyond data limitations, 
there is also the need to comprehensively analyze existing data, in order to understand the 
interplay between the distinct landscape characteristics of developed versus undeveloped lands. 
Expanded efforts at adapting existing ecosystem process models or developing new ones for the 
region could help us understand and predict the effects of development on biogeochemical fluxes 
(see the section on ecosystem models below).  
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Driver: Human Activities in Proximity to Shoreline 

The level of human activity in the Salish Sea region both partly springs from and leads to 
extensive use of nearshore ecosystems. Access to shipping, fishing and other commercial and 
recreational endeavors makes the region an attractive location for human settlement. Expanding 
settlement and human activities exerts growing pressures on the ecological system. In the Driver-
Pressure-State-Impacts-Response (DPSIR) conceptual model, nearshore human activities are 
represented as “Drivers” (Figure 3). Because shoreline modification is a consequence of these 
driving activities, the threat is represented as a Pressure in our review.  

In the sections below, we review the Pressures of shoreline modification, and the resultant State 
changes and system Impacts. To avoid repetition of an existing review of this topic, we rely 
heavily on reviews completed by the Puget Sound Nearshore Ecosystem Restoration Project 
(Simenstad et al. 2009; Schlenger et al., in review) but supliment this review with other 
information from the peer-reviewed literature. We recommend that readers consult Simenstad et 
al. 2009; Schlenger et al., in review for greater details, both with respect to specific shoreline 
modifications and the status of distinct geographic subunits in the region. Although Schlenger et 
al. is currently in review and therefore not part of the peer-reviewed literature, we rely heavily on 
this document because the authors have essentially completed the goals of this section – to 
review the peer-reviewed literature of the threats associated with shoreline modification.  

Given the economic and recreational impetuses leading to shoreline modification, such activities 
clearly can have positive impacts on human socioeconomics and well-being. However, we only 
focus in the current draft on the ecological changes resulting from shoreline modification rather 
than the benefits to human health and well-being; additionally, negative impacts of ecological 
changes on human health and well-being, such as decreased resource availability, impaired water 
quality, and increasing expenditures for shoreline restoration, are currently omitted. Lastly, 
Chapter 4, Effectiveness of Strategies to Protect and Restore the System, addresses the human 
Response to the problems associated with such modifications, and will not be covered in the 
present section.  

Placeholder – positive and negative impacts of residential, commercial and industrial 
development on human health, socioeconomics and overall well-being  
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Figure 3. Driver-Pressure-State-Impacts-Response conceptual model for shoreline modification 
in the Salish Sea ecosystem.  

1. Pressure: Shoreline Modification  

Modification of shoreline regions results in a wide range of state changes in nearshore 
ecosystems (Simenstad et al. 2009; Schlenger et al., in review; summarized in Table 3). These 
changes lead to impacts to the shoreline, to the adjacent upland and freshwater systems and to 
the Salish Sea estuary (Simenstad et al. 2009; Schlenger et al., in review; summarized in Table 4). 
Collectively, nearshore modification has resulted in shortening and simplification of shoreline 
over the past 150 years, from both direct (e.g., artificial structures) and indirect (e.g., disruption 
of shoreform sediment transport processes) modifications; the Sound has experienced a loss of 
over 1000 km of natural shoreline and the introduction of almost 400 km of artificial shoreline 
(Simenstad et al. 2009; Schlenger et al., in review). This loss of convoluted shoreline has 
resulted in an overall loss of nearshore area, leading to disruption or loss of important ecosystem 
functions such as sediment, detritus and nutrient transport, loss of habitat and changes in species 
composition.  

Table 3. Extent, number and percent change in shoreline by modification type in Puget Sound, 
the Strait of Juan de Fuca, and southern Strait of Georgia1  
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Modification Type  Extent of Modification  Number 
Occurring  Percent of 

Modification  

Armoring  1071 km  -  27%2  
Tidal Barriers  263 km  -  7%2  
Overwater 
Structures  9 km2  8972  -  

Marinas  6 km2  171  -  
Breakwaters & 
Jetties  37 km  136  -  

Loss of Wetlands  273 km2  -  53% of historical 
extent3  

Dams  13,000 km2 impounded  436  37% impounded4  
Transportation 
Structures  383 km (312 km of roads, 71 km 

of railroads)  -  10%2  

1Numbers derived from Simenstad et al. (2009) and Schlenger et al. (in review).  

2Based on a total shoreline length of 3962 km.  

3Based on historical extent of 514 km2.  

4 Based on a total sub-basin drainage area of 34,710 km2.  

Table 4. Summary of direct (D) and indirect (I) impacts to nearshore processes by shoreline 
modification type1  

   Modificat
ion Type                       

Nearshore 
Processes 
Impacted by 
Shoreline 
Modification 

 Armoring  
Tidal 
Barrie
rs 

 

Native 
Vegetati
on 
Remova
l 

 

Overwa
ter 
Structur
es 

 Marin
as  

Breakwat
ers & 
Jetties 

 Da
ms  

Transportat
ion 
Structures 

 

Sediment 
Input  D     I  I  I  I  D  D  

Sediment 
Transport  D  D     I  D  D  D  I  

Erosion/Accr
etion of 
Sediment 

 D  D  I  I  D  D  I  D  

Tidal Flow  I  D        I        D  
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Tide Channel 
Formation 
and 
Maintenance 

 I  D        I        I  

Distributary 
Channel 
Migration 

 D  D  I        I  D  I  

Freshwater 
Input  I     I     I     D  I  

Detritus 
Import and 
Export 

 D  D  D  I  I  I  I  D  

Exchange of 
Aquatic 
Organisms 

 D  D     D  D  D  D  D  

Physical 
Disturbance  D  I     I  D  D  I  D  

Solar 
Incidence  I     D  D  D  I     I  

1Partially reproduced from Schlenger et al. (in review), Table 4-19, pg. 123.  

Many shoreline modifications are for residential, commercial and industrial purposes. Nearshore 
ecosystems are thus subject to the same pressures, state changes and impacts associated more 
generally with development-related LULC changes, such as altered material and water fluxes 
due to increased imperviousness (Schlenger et al., in review). However, specific modes of 
shoreline modification have distinct characteristics with respect to their impacts on nearshore 
environments. We review here many of these various state changes and their associated impacts.  

State: Increased Armoring  

Shoreline armoring refers to structures largely aimed at erosion control from coastal wave 
movement, and for retention of fill zones. Such armoring consists of walls or bulkheads, 
constructed of rock or concrete, erected parallel to shorelines. Covering over 1070 km of Puget 
Sound shorelines (Schlenger et al., in review), armoring is particularly prevalent in highly 
developed residential, urban or industrial centers, due to a combination of the need to protect 
developed structures (e.g., roads, buildings) and the increased potential for erosion due to the 
removal of vegetation for land development (Alberti 2008; Schlenger et al., in review). For 
instance, armoring frequently co-occurs with nearshore roads, railroad passages, and/or other 
transportation infrastructure (Simenstad et al. 2009; Schlenger et al., in review). Of the various 
shoreline modification forms, armoring is the most common, comprising 74 percent of all 
artificial shoreforms (Simenstad et al. 2009).  

Impacts:  
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Armoring significantly alters the movement of sediments and debris that provide physical 
structure to beaches and other nearshore zones (Simenstad et al. 2009; Schlenger et al., in 
review). By design, armoring structures block natural, more gradual upland erosion processes 
that deliver sediments and replenish shoreline materials carried away by waves and tides. In 
place of such processes, the abrupt physical barrier serves to intensify waterward erosion of 
waves, further altering beach structure.  

These changes to movements of sediment and debris are one of the primary impacts leading to 
degradation of river deltas within the Salish Sea ecosystem. Approximately 44 percent of river 
delta extent (188 km2 of the 427 km2 historical area) has been lost due to impacts such as 
armoring (Schlenger et al., in review). Shoreline modifications such as armoring alter both the 
transport of sediments into river deltas and the distribution of sediments within the delta itself 
(Miles et al. 2001; Johannessen and MacLennan 2007). In turn, degradation of river deltas has 
significant ecosystem impacts, including loss of habitat and restriction of species ranges (e.g., 
salmon and other fish, shorebirds and the benthic invertebrates they depend on) (Griggs 2005; 
Buchanan 2006; Dethier 2006; Fresh 2006; Mumford 2007; Tonnes 2008). Resultant changes in 
sediment flows also increases estuarine turbidity.  

Armoring results in the degradation of bluff-backed and barrier beaches (Canning and Shipman 
1995; Johannessen and MacLennan 2007), particularly in South Central Puget Sound (Schlenger 
et al., in review). Bluff-backed beaches have declined by approximately 8 percent from their 
historical extent due to a range of factors including armoring (Simenstad et al. 2009; Schlenger et 
al., in review). Approximately 33 percent bluff beaches include some level of armoring, leading 
to disruption of the sediment and debris transport process that feeds these and nearby down-drift 
beaches. Coastal bluffs provide an estimated 90 percent of sediment to beaches along the Sound 
(Downing 1983), which in turn affects resilience of coastal embayments that depend on this 
input. Barrier beaches, which serve as protection for estuary lagoons and other coastal 
embayments, have also declined by 12 percent of their historical extent; of these, 27 percent 
include shoreline armoring (Simenstad et al. 2009; Schlenger et al., in review). Degradation and 
loss of bluff and barrier beaches result in loss of invertebrate habitats (Sobocinski 2003; Dugan 
and Hubbard 2006; see Schlenger et al., in review), which impacts fish, mammals and birds that 
feed on them. Armoring these systems also results in loss or impairment of spawning habitat of 
forage fish such as surf smelt and sand lance (Rice 2006; Penttila 2007) and herring, which may 
lead to declines in some species that feed upon these fish or their eggs (surf scoter populations, 
for instance Anderson et al. 2009).  

Changes in sediment transport due to armoring have also contributed to loss or fragmentation of 
coastal embayments, such as inlets, barrier estuaries, barrier lagoons, closed lagoons and marshes 
(Schlenger et al., in review). Compared with historical occurrence, 53 of 173 open coastal inlets, 
84 of 240 barrier estuaries, and 89 of 222 barrier lagoons have been lost. Closed forms of coastal 
embayments, such as lagoons and marshes that do not interface with open estuary, exhibit similar 
trends: comprising approximately 1.6 km of the Puget Sound shoreline (down from a historical 
extent of 2.6 km), only about 81 of 249 historic closed lagoons and marshes remain. As noted 
above, coastal sediment transport processes that create and maintain structure for barrier beaches 
form the boundaries for coastal embayments; disruption of such transport due to armoring in 
turns leads to the degradation of embayments (Schlenger et al., in review). Losses of 
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embayments have been noted to have significant impact on juvenile Pacific salmon that use these 
habitats for feeding (Beamer et al. 2003; Fresh 2006). Other significant impacts include altered 
nutrient inputs and overall water quality, loss of or diminished primary productivity, and loss of 
biodiversity (Schlenger et al., in review).  

Placeholder – discussion of riprap impacts on aggregating some fish species, and increasing 
velocity along river banks  

State: Construction of Tidal Barriers  

Tidal barriers consist of structures such as dikes, levees and tide gates that are used to restrict or 
divert tidal flows. They are often used to block tide waters (or in the case of tide gates, to drain 
water) from delta regions that have been converted to agricultural lands (Schlenger et al., in 
review). Tidal barriers are typically constructed of large rock and other heavy materials to 
prevent damage from flood waters. According to shoreform database estimates, approximately 
418 km of tidal barriers exist within Puget Sound nearshore ecosystems (Simenstad et al. 2009; 
Schlenger et al., in review).  

Impacts:  

Because of the nature of their construction and use, tidal barriers have particularly significant 
impacts on river deltas (Schlenger et al., in review). As with armoring, these barriers alter the 
transport and distribution of sediments to and within deltas, coastal marshes and tidal channels 
(Thom 1992; Barrett and Niering 1993; Brockmeyer et al. 1997; Bryant and Chabreck 1998; 
Hood 2004). These impacts in turn alter the formation and maintenance of tidal flow channels, 
and hence the overall structural integrity of river deltas. Changes in sedimentation also have 
potentially negative impacts on eelgrass and kelp survival (Mumford 2007; Schlenger et al., in 
review). As a consequence, shorebirds, fish and benthic invertebrates that rely on such river delta 
vegetation for foraging, spawning and refuge habitat experience declines in their abundance and 
distribution (Griggs 2005; Buchanan 2006; Dethier 2006; Fresh 2006; Mumford 2007; Tonnes 
2008; cited in Schlenger et al., in review). Turbidity in the vicinity of river mouths also increases.  

Placeholder – information on number of deltas with >75% coverage by tidal barriers, and the 
number being restored to remove tidal barriers  

Open and closed coastal embayments are also significantly impacted by tidal barriers (Schlenger 
et al., in review). Barriers occur within the immediate vicinity of 16 percent of open coastal 
inlets and 21 percent barrier estuaries in the Sound (Simenstad et al. 2009). The structure of 
embayments, whose boundaries are dependent on persistent replenishment of sediments from 
both tidal and more upland flows, is frequently modified by the changes in sediment transport 
induced by tidal barriers (Schlenger et al., in review). Such shifts particularly alter or disrupt the 
morphology and vegetation composition of nearshore marshes (Barrett and Niering 1993; Bryant 
and Chabreck 1998; Hood 2004), and limit the availability of detrital nutrients used by aquatic 
organisms (Schlenger et al., in review).  

State: Native Vegetation Removal  
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Changes in land cover, particularly removal and/or fragmentation of native vegetation, is 
frequently associated with artificial shoreline modifications (Schlenger et al., in review). 
Residential and industrial development, and the changes in land cover that it entails, is prevalent 
along Puget Sound shorelines, particularly in the central and southern Sound regions (Alberti et 
al. 2004; Simenstad et al. 2009) .  

Impacts:  

As described above (see “State: Altered Biogeochemistry and Hydrology” under “Pressure: Land 
Use/Land Cover Change”), changes in land use and land cover modify the rates and volumes of 
upland water and material fluxes (Tague and Band 2001; Booth et al. 2002; Wickham et al. 2002; 
Brett et al. 2005; Kaye et al. 2006; Cuo et al. 2009), which in turn translate into altered transport 
into nearshore ecosystems.  

Changes in sediment, water and nutrient fluxes due to upland vegetation conversion alter the 
geomorphic structure and ecosystem functioning of nearshore ecosystems (Schlenger et al., in 
review). Changes in upland transport of sediments interact with in-water fluxes to modify the 
structure and stability of shore banks, beaches and embayments. Degraded structural and 
biogeochemical changes to embayments and river deltas in turn alter, and often simplify, food 
webs and communities that depend on these shoreforms for shelter and foraging habitat (Griggs 
2005; Buchanan 2006; Dethier 2006; Fresh 2006; Mumford 2007; Tonnes 2008; cited in 
Schlenger et al., in review).  

State: Construction of Overwater Structures  

Overwater structures comprise a general class of shoreline modification that includes fixed and 
floating docks, fixed piers, bridges, floating breakwaters, moored vessels, and support and 
stabilization piles. Approximately 6927 overwater structures can be found in the Puget Sound 
region, comprising a total area of approximately 6.5 km2 (Simenstad et al. 2009; Schlenger et al. 
in review). The severity of nearshore impacts of a given overwater structure depend on some of 
the following physical characteristics that determine its physical profile in and above the water 
(Nightengale and Simenstad 2001; Schlenger et al., in review): the structure’s size and shape; its 
height above the water and the depth of water below it; the number of support pilings it requires; 
its orientation to and location along the shore; and its proximity to other overwater structures.  

Impacts:  

One of the key impacts of overwater structures is shading of nearshore habitats (Nightengale and 
Simenstad 2001; Schlenger et al., in review). Aside from the obvious implications for nearshore 
plants (Dennison 1987; Kenworthy and Haunert 1991), shading also impacts the distribution, 
behavior and survival of fish and other aquatic wildlife that occupy adjacent shoreline habitats. 
Sharp gradients of light and shadow, such as those that occur near overwater structures, affect 
feeding behavior and efficiency of visual foragers (e.g., salmon, Dungeness crab) as well as fish 
schooling and migratory movements (Nightengale and Simenstad 2001; Scheuerell and Schindler 
2003; Thom et al. 2006; Schlenger et al., in review).  
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Placeholder – discussion of overwater structure impacts on fish aggregation vs. deterrence (e.g., 
does the shade help keep water temperatures cooler?)  

As with other shoreline modifications that pose physical barriers, structural support pilings 
interfere with tidal flows and wave movements (Nightengale and Simenstad 2001; Schlenger et 
al., in review). Individual pilings may have negligible impacts on water movements and energy, 
depending on their size. However, because structures typically have multiple rows of pilings, 
these supports have cumulative impacts that attenuate wave energy, with consequent shifts in the 
deposition and distribution of adjacent and downdrift shoreline sediments.  

Also associated with overwater structures, particularly those of older construction, is the 
potential introductions of contaminants into nearshore waters (Poston 2001; Schlenger et al., in 
review). Older, creosote- or copper-treated wood structures have been demonstrated to leach 
polycyclic aromatic hydrocarbons and copper arsenate compounds, respectively, into aquatic 
ecosystems (Valle et al. 2007).  

Placeholder – discussion of short-term effects during construction with pile driving and sediment 
disturbance, particularly with respect to timing of construction relative to migrating animals  

State: Construction of Marinas  

Marinas are comprised of a diversity of in-water and/or overwater structures, as well as adjacent 
nearshore modifications such as parking lots and service buildings, that vary in impact depending 
on their specific physical characteristics (Schlenger et al., in review). Building structures of 
varying size, shape and orientation in conjunction with water vessel moorings alter both the 
geomorphic characteristics of shorelines and the flows of water and sediments; accompanying 
breakwaters and jetties (see below) further exacerbate impacts. Approximately 0.3 percent 
(around 6 km2) of Puget Sound shoreline is covered by over 170 marinas, with about one third 
occurring in the south Sound (Simenstad et al. 2009; Schlenger et al., in review).  

Impacts:  

The impacts of marinas are significant on beach systems, river deltas and coastal embayments 
(Schlenger et al., in review). Physical in-water and overwater barriers associated with marinas 
alter or disrupt the transport of sediment, coarse debris and detritus, thereby degrading beach 
structure immediately adjacent to as well as downdrift from the marina. As noted above, shading 
from accompanying overwater structures also impacts plant productivity and aquatic wildlife 
foraging and movement behavior (Nightengale and Simenstad 2001; Schlenger et al., in review). 
Marinas constructed near river deltas or coastal embayments similarly alter both upland and in-
water sediment transport processes that maintain the structure and water and material flows 
within these shoreforms. Upland armoring often accompanies marinas, degrading nearshore 
habitats for wildlife and further disrupting land-water interactions (Simenstad et al. 2009; see 
“State: Increased Armoring” above).  

Marinas also introduce chemical contaminants into nearshore ecosystems (Poston 2001; 
Schlenger et al., in review). As with overwater structures, leaching of chemicals from treated 
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wood structures is a potential risk. Perhaps more significant and prevalent, however, are risks of 
contaminants released into water and sediments from moored vessels and upland parking 
facilities. These petroleum-based and other forms of contaminants have significant impacts on 
plants, aquatic and nearshore wildlife and general nearshore food web structure (Schlenger et al., 
in review).  

Placeholder – discussion of impacts from tin-based antifouling paints that are stored in the 
bottom sediments, from when these paints were legal in the USA  

Placeholder – impacts of noise pollution from vessel traffic and industrial activity in and around 
marinas  

Placeholder – potential impacts from stray electrical currents from marinas  

Placeholder – positive vs. negative impacts on wintering populations of birds  

State: Construction of Breakwaters and Jetties  

Similar to tidal barriers (see “State: Construction of Tidal Barriers” above), breakwaters and 
jetties are structures designed to dissipate wave movement and energy, particularly near harbors, 
marinas and areas where vessels are moored (Schlenger et al., in review). Some breakwaters and 
jetties are composed of heavy rock or concrete armoring, while others are comprised of free-
floating or anchored structures. There are 136 recorded breakwaters and jetties in the Salish Sea 
ecosystem, with about 65 percent occurring in the northern portion (Simenstad et al. 2009; 
Schlenger et al., in review). They range in length from as little as 5 m to as long as 5 km 
(Schlenger et al., in review).  

Impacts:  

Impacts of breakwaters and jetties generally depend on their orientation to the shoreline 
(Schlenger et al., in review). Structures oriented parallel to the shore lead to deposition of 
sediment on the waveward side, resulting in accretion beaches and a deepening of shoreline 
channels on the opposite side of the structure. Breakwaters and jetties that are perpendicularly 
oriented disrupt shoreline sediment and detritus transport processes that maintain the 
geomorphology of downdrift beaches and coastal embayment boundaries. Breakwaters and 
jetties erected adjacent to river deltas and coastal embayments also serve to disconnect these 
aquatic ecosystems from the broader Sound and from one another. The resultant changes in 
shoreform morphology, connectivity and nutrient and water flows leads to degraded habitat 
quality for nearshore wildlife and plant communities (Schlenger et al., in review).  

Placeholder – potentially positive impacts of breakwaters and jetties providing shelter for 
wintering bird populations in storms  
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State: Loss of Wetlands  

Through a variety of forms of shoreline modification – particularly armoring and tidal barrier 
impacts on river deltas and coastal embayments as well as outright filling – significant loss of 
wetlands has occurred or is occurring along Puget Sound nearshore ecosystems (Simenstad et al. 
2009; Schlenger et al., in review). Approximately 53 percent, or 273 km2 out of 514 km2, of 
historical wetland extent has been lost to these various stressors. Of particular concern are losses 
of tidal freshwater and oligohaline transitional wetlands: these two wetland classes have lost 
approximately 93% of the historical extent (Schlenger et al., in review).  

Impacts:  

Losses of these important coastal ecosystems have significant implications. Ecosystem functions 
performed by wetlands, such as food and nutrient production, contaminant filtration, breeding 
and feeding habitat provision, become considerably impaired as wetland area diminishes 
(Schlenger et al., in review). Wetland losses particularly impact Chinook populations, since these 
shoreforms provide significant habitat during juvenile growth stages (Bottom et al. 2005; Fresh 
2006).  

Placeholder – expand discussion of impacts on Chinook  

Placeholder – expand overall discussion of the ecological importance of the loss of wetlands  

State: Construction of Dams  

The number and distribution of dams in the Salish Sea ecosystem is of significant concern in 
terms of their impacts, which vary as a function of a given dam’s position in the watershed and 
the number of other dams up- and downstream of it (Neuman et al. 2009; Simenstad et al. 2009; 
Schlenger et al., in review). A total of 436 dams can be found in the Puget Sound basin, 
impounding approximately 13,000 km2, or 37 percent, of the total sub-basin drainage area 
(Simenstad et al. 2009; Schlenger et al., in review).  

Impacts:  

By diverting or constraining the flow of water, sediments, nutrients and organic matter, dams 
prevent transport of materials necessary for the persistence of downstream nearshore ecosystems, 
particularly in river deltas and coastal embayments (Schlenger et al., in review). Along with 
upland sources, rivers and streams deliver sediments and organic matter that provide structural 
integrity to nearshore ecosystems, replenishing materials that are washed away via tides and 
waves. These materials, as well as nutrient and freshwater inputs, are important for the 
persistence of downstream plant (e.g., kelp, eelgrass) and animal (e.g., shellfish, juvenile salmon) 
populations and food web interactions (Schlenger et al., in review). Changes in water flow rates 
and levels result in water temperature regime changes both in upstream riverine and downstream 
nearshore ecosystems (Schlenger et al., in review). Significant disruption of native vegetation, 
soils and hydrologic regimes also occurs in reservoirs upstream of the dams, impacting upland 
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biota and ecosystem functions in ways that then further impact downstream nearshore systems 
(Schlenger et al., in review).  

Placeholder – expanded discussion of dam impacts; include specific discussion of the effects of 
dams on connectivity, stream temperature, migratory fish, and the timing and levels of flows  

State: Construction of Transportation Structures  

A number of different classes of transportation structures are found within close proximity to 
nearshore ecosystems, including railroads, nearshore roads, and stream crossings (Simenstad et 
al. 2009; Schlenger et al., in review). Roads and railroads occur along 312 and 71 km of Puget 
Sound shoreline, respectively, comprising almost 10 percent of its total length (Simenstad et al. 
2009; Schlenger et al., in review).  

Impacts:  

Impacts of these features are analogous to and compounded by the effects of upland impervious 
surfaces, particularly with respect to changes in hydrology and biogeochemistry and increased 
contaminant runoff (see “State: Increased Imperviousness” under “Pressure: Land Use/Land 
Cover Change”). Nearshore transportation corridors and structures contribute to disruptions in 
upland replenishment of sediment and detritus to beach and embayment shoreforms, particularly 
through interactive impacts with other shoreline modifications (e.g., armoring, vegetation 
removal, etc.). Fill material used to bolster transportation routes further alters the geomorphic 
structure of, and often eliminates, shoreline ecosystems (Schlenger et al., in review). 
Construction of transportation corridors frequently disrupts connectivity within and among 
shoreline ecosystems, particularly in the form of overpasses through or over river deltas and 
embayments. Lastly, increased contaminant loadings occur as a result of nearshore transportation 
structures, both directly deposited by automobiles and trains and indirectly mobilized via surface 
water runoff across impervious surfaces (Booth et al. 2002, 2004; Kaye et al. 2006; Krahn et al. 
2007; Schlenger et al., in review).  

States and Impacts: Cumulative Effects of Shoreline Modifications  

As illustrated above, most of the various forms of shoreline modification have comparable 
impacts on nearshore ecosystems (Schlenger et al., in review): disruption of sediment and detrital 
transport rates, levels and mechanisms; altered and often simplified estuarine and freshwater 
flow pathways; increased contaminant levels; and general disruption of nearshore ecosystem 
functions and resultant habitat degradation. Exacerbating the effects of shoreline modification is 
the fact that often several of these modification forms co-occur within a given location. In 
change assessments for the Puget Sound, Strait of Juan de Fuca and Strait of Georgia Basins, 65 
percent of drainage catchments include more than one type of modification (Simenstad et al. 
2009; Schlenger et al., in review). For example, armoring commonly co-occurs with other 
stressor types, most frequently accompanying nearshore roads (in 46 percent of catchments). 
These findings suggest a significant risk of cumulative, synergistic impacts from multiple 
stressors.  
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Placeholder – expanded discussion of and citations for cumulative shoreline modification 
impacts  

Uncertainties and Information Gaps  

The uncertainties and knowledge gaps associated with shoreline modification in the Salish Sea 
ecosystem reflect questions in data availability and quality. In addition to extensively reviewing 
the forms of shoreline modification and their impacts, the PSNERP Strategic Needs Assessment 
Report (Schlenger et al., in review) also discuss such uncertainties in detail; we thus present only 
an overview of this topic.  

One source of uncertainty lies in the quality of datasets available for analyzing shoreline 
modification extent and impacts. A comprehensive analysis covering the extent of shoreline in 
Salish Sea required compilation of data sets from a variety of sources, each of which includes its 
own level of accuracy and uncertainty. Inaccuracies are potentially most problematic for 
historical conditions, for which data are limited at best and require estimating of sedimentation 
rates and other key shoreline formation processes. Such inaccuracies can of course affect change 
detection and estimates, but are unavoidable and must therefore simply be taken into 
consideration as fully as possible.  

In addition to those entailed in geographic measurements of the extent of shoreforms and their 
modification, uncertainties exist in the linkages between state changes and their systemic impacts. 
Assessment of impacts in Schlenger et al. (in review) and Simenstad et al. (2009) were based on 
review and synthesis of empirical investigations in peer-reviewed and gray literature. As 
reflected in our review above, such synthesis provides a qualitative understanding of potential 
impacts to Salish Sea biota and ecosystem processes; investigations targeted at specific cause-
and-effect linkages are necessary to quantify the level of impacts. At the same time, applicability 
and generalizability of targeted studies to the broader system requires systematic review and 
evaluation. This requirement is particularly necessary when drawing conclusions from studies 
that examine causal linkages between shoreform modification and ecological impacts in systems 
comparable to, but not within, the Salish Sea region.  

Lastly, specific scales of analysis may result in biases and uncertainties in estimated state 
changes and their impacts. PSNERP’s assessments of shoreline modification were aggregated at 
the catchment level as the finest scale of measurement (Simenstad et al. 2009; Schlenger et al., in 
review). Because such catchments vary in size throughout the region, measures of the extent of 
shoreline modification that are aggregated to this level can over- or underestimate absolute levels 
and intensity of modification within a given segment of the watershed. Schlenger et al. (in 
review) note that refined, more detailed site-level assessments can correct for these uncertainties. 
Additionally, some level of aggregation – preferably at fine enough scales to capture key 
biophysical processes such as sediment transport rates (as is true for catchments) – is all but 
necessary for broader-scale, relative trends that characterize segments of the Salish Sea 
ecosystem. 
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Driver: Pollution in the Puget Sound Basin 

In its broadest sense pollution is often thought of as the introduction of unwanted or undesirable 
substances or conditions into the natural environment. Virtually all pollution types described in 
this section are unintended consequences of the daily activities of humans – diving cars, heating 
homes, growing food, building shelter, generating waste, manufacturing goods and so on. A 
Driver-Pressure-State-Impacts-Response (DPSIR) conceptual model is used here to help 
organize the complex information that describes these human activities and the pressures they 
create on the ecosystem (i.e. “Threats”). In addition it can provide context for discussing 
pollution-harm in the ecosystem and to humans, and the range of possible strategies we might 
employ to mitigate the threat (Figure 4).  

---  

---  

 

Figure 4. Driver-Pressure-State-Impacts-Response conceptual model for Pollution in the Salish 
Sea ecosystem.  
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Human activities that generate pollution pressures can be organized according to the types of 
land use that generate characteristic pollution types, including urban, residential, commercial, 
agricultural activities. These can be overlain with cross-cutting activities (such burning fossil 
fuels) that occur virtually everywhere. Additionally, spills of chemicals, nutrients, soils, 
sediments or other unintentional episodic introductions of pollutants can cut across land use 
patterns.  

Pollution occurs when human activities (a) generate toxic chemicals, (b) concentrate or make 
available naturally occurring substances to levels that can be harmful, (c) change conventional 
water quality characteristics (e.g., temperature) or (d) introduce disease pathogens or conditions 
that exacerbate diseases. In many cases pollutants may be generated or manufactured or released 
in one place and then transported to other areas where humans or biota in the ecosystem can be 
exposed to the pollutant. It is as important to understand these naturally occurring conveyance 
pathways such as stormwater, groundwater, air movement, and biological transport of pollutants 
because these are the mechanisms whereby pollutants move from their source to where they 
cause harm in the environment. In particular the degree to which stormwater or surface runoff 
patterns have been altered by human activities helps us understand how our actions may 
exacerbate or mitigate movement of pollutants in the environment.  

The degree of potential harm or toxicity of the pollutant is related to the amount of the pollutant 
loaded to the system (the dose), the degree to which pollutants are subsequently concentrated in 
the environment, the fate and the sensitivity of the organism or ecosystem processes that are 
affected, and their ability to recover once the pressure is reduced (resiliency).  

Although State, Impacts and Response components of this model are treated in detail in separate 
chapters of this Science Update, most definitions of Threat include some indication of harm to 
living organisms or ecosystem processes. Hence we include in this Threats Chapter some 
examples of harm related to pollution pressures, with greater detail on state and impact presented 
in Chapter 2a , Biophysical status of Puget Sound.  

Pressure: Nutrients - Placeholder  

Pressure: Increasing Atmospheric Carbon Dioxide - Placeholder  

Pressure: Changing Temperature and Salinity - Placeholder  

Pressure: Turbidity and Sedimentation - Placeholder  

Pressure: Pathogens and Disease - Placeholder  

Pressure: Toxic Contaminants in Puget Sound  

The threat of pollution pressures in the Puget Sound Basin depends on where, when, amount, and 
type of contaminants that are loaded to the system (Figure 5). This section focuses on 
Washington’s inland marine and estuarine waters including Puget Sound’s main basins, Hood 
Canal, eastern Strait of Juan de Fuca, San Juan archipelago, and southern Strait of Georgia, 
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(hereafter collectively referred to as Puget Sound), and the conveyance-pathways to that 
marine/estuarine system. Subsequent contributions to this Chapter will review toxic 
contaminants in freshwater systems, including the lakes, rivers, streams, wetlands and 
groundwaters that drain to Puget Sound or the Pacific Ocean.  

 

Figure 5. Driver-Pressure-State-Impacts-Response conceptual model for Toxic Contaminants in 
the Salish Sea ecosystem.  

Puget Sound’s fjord-like physiography, oceanographic isolation of some of its major basins, and 
relatively long water residence time may increase the susceptibility of its biota to contamination 
(Thomson 1994). Because the Sound possesses such a wide range of oceanographic conditions 
and habitats it also enables species that range from fully marine to diadromous to complete their 
entire life cycle within its waters, potentially exposing sensitive life stages to contamination.  

Loading of Toxics to Puget Sound  

The degree to which biota in the Puget Sound ecosystem are exposed to toxic contaminants 
depends on a complex interaction among the human activities that create the chemicals (e.g., 
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land use, spills, burning fossil fuels), amounts and types of chemicals produced, and how they 
are conveyed to the ecosystem (Figure 5). Washington Department of Ecology (2010) have 
conducted or are currently conducting, sponsoring, or facilitating twenty studies designed to 
quantify loadings to and support the control of toxics in Puget Sound. These include inventories 
of chemicals of concern, estimates of chemical loadings to Puget Sound and the land-use 
activities that produce the chemicals, models of how chemicals move through the system, and 
evaluation of the fate and transport of these chemicals in the biological component of the 
ecosystem. Lubliner (2007) described some of these complex interactions within the context of 
estimating the total maximum daily load of chemicals to a water body.  

Chemicals of Concern  

Deciding which chemicals to evaluate is a daunting challenge: of the more than 53 million 
substances inventoried in the American Chemical Society’s Chemicals Abstract Service , over 
100,000 have been registered for use in commerce in the USA. Only a relatively few have 
undergone much scrutiny or are regularly measured in the environment (Muir and Howard 2006). 
Their sheer numbers necessitate a scheme to select indicator chemicals that represent a wide 
range of chemical types.  

The Washington Department of Ecology selected 17 Chemicals of Concern on which to focus 
evaluation of loadings to Puget Sound (Hart Crowser 2007). Selection criteria were based on 
concern for threats to biota or humans, chemicals that represent a broad range of conveyance 
pathways, and for which some monitoring data exist. This list includes a broad range of toxic 
contaminants that can be organized into logical groupings including metals (arsenic, cadmium, 
copper, lead, mercury and zinc); persistent bioaccumulative toxics (polychlorinated biphenyl 
ethers or PCBs, brominated flame retardants, or polybrominated diphenyl ethers [PBDEs], and 
chlorinated pesticides such as dichlordiphenyltrichloroethane and its metabolites [DDTs]); fossil 
fuels or their derivatives including polycyclic aromatic hydrocarbons (PAHs), oils and greases; 
one plasticizer (phthalates); nonylphenol, a suspected endocrine disrupting compound (EDC) and 
the herbicide triclopyr. Many of these pollutants are routinely measured by large-scale 
monitoring programs such as the national Mussel Watch Program (Kimbrough et al. 2008), and 
the Puget Sound Assessment and Monitoring Program for sediments (Dutch et al. 2009) and fish 
tissue (West et al. 2001), as well as regional monitoring programs such as King County’s marine 
water and sediment monitoring (King County 2010).  

Chemicals of Emerging Concern (CEC)  

CEC is a widely used term to categorize new environmental contaminants, as well as those that 
may have existed for some time, but whose threat is only now becoming known. Some CECs 
were included on Department of Ecology’s Chemicals of Concern list (Hart Crowser 2007), such 
as nonylphenol and bis(2-ethylhexyl) phthalate; others that are commonly discussed as threats 
include bisphenol-A, synthetic estrogen, and perfluorinated compounds, some of which are 
found in commercial goods, or may originate from the wide range of chemicals in 
pharmaceuticals and personal care products. Lubliner et al. (2010) measured 172 organic 
compounds including 72 pharmaceuticals and personal care products from three wastewater 
treatment plants that discharge to Puget Sound, and characterized the degree to which these 
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chemicals are removed from wastewater or biosolids by various enhancements to secondary 
treatment. A number of these compounds exhibit endocrine disrupting properties, and are the 
focus of intense ecotoxicological research worldwide (Sumpter and Johnson 2005).  

Synthetic polymers, or plastics, in the environment are a unique category of CEC because they 
not only pose multiple disparate threats to the ecosystem but also a unique conveyance 
mechanism for toxic chemicals from water to biota. Wildlife can be entangled by litter or harmed 
by ingestion of plastic debris, alien species can attach to and be transported by drifting litter, and 
benthic organisms be smothered by accumulation of plastics (see reviews in Derraik 2002, 
Moore 2008). In addition, the plastic itself can be toxic, and it can exacerbate exposure of 
organisms to other toxics. Plastic microparticles (<5mm) are created in the environment by 
degradation of larger litter (Thompson et al. 2004), or by the unintentional or intentional release 
of industrial microplastic stock. These particles can adsorb and concentrate contaminants from 
marine waters, including a number of toxics described earlier (Mato et al. 2000). Such particles 
can be subsequently ingested by a wide variety of marine organisms, thereby exposing 
consumers and creating a point of entry for water-column toxics to the food chain.  

Conveyance Pathways of Toxics to Puget Sound  

Hart Crowser (2007) cataloged nine important pathways or sources of pollutants to Puget Sound, 
many of which apply to freshwater systems as well:  

• Aerial transport – aerial contaminants can be deposited or recondensed to terrestrial or 
aquatic surfaces. These pollutants include not only direct inputs to the atmosphere from 
human activities (e.g., from driving cars) but also those already in the environment that 
may be evaporated, distilled or fractionated, and transported via atmospheric processes. 
(e.g., Simonich and Hites 1995).  

• Surface runoff – wherein stormwater carries terrestrially originating pollutants to 
receiving waters. Can be exacerbated by impervious surfaces (e.g., Lubliner 2007).  

• Groundwater discharge – wherein subsurface groundwaters carry pollutants to receiving 
waters  

• Discharges from industrial and municipal wastewater treatment plants (e.g., Lubliner 
2010),  

• Discharges from combined sewer overflows  
• Direct spills (e.g., oil) to the system  

Transport of pollutants in and out of Puget Sound by exchange with oceanic waters  

• Reintroduction of pollutants leached, resuspended, or concentrated into biota from 
contaminated sediments  

• Biological transport of pollutants (e.g., Ewald et al. 1998)  

Surface runoff or stormwater is the primary conveyance for many toxic contaminants of concern 
in Puget Sound, and the ultimate source for the bulk of these toxics has been attributed to 
everyday activities of people in developed residential areas, rather than industrial or municipal 
discharges (EnviroVision et al. 2008). Pollution from runoff is the sum of contamination from 
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many diffuse, “non-point,” sources. As such it is difficult to characterize, evaluate or control. 
The PEW Oceans Commission (2003) characterized non-point source pollution as “…the 
greatest pollution threat to our oceans and coasts… the situation requires that we apply new 
thinking about the connection between the land and the sea, and the role watersheds play in 
providing habitat and reducing pollution.”  

Point source releases such as a discharge pipe release monitored and known amount of 
contaminants into receiving waters. The National Pollution Discharge Elimination System 
(NPDES) is designed to control pollutants at such point sources to protect water quality for 
drinking, fishing, swimming and other activities. All discharges to waters of the State must have 
an NPDES permit, which includes municipal and industrial wastewater, stormwater from certain 
jurisdictions, and general permits to cover a variety of other activities.  

A large oil or other chemical spill poses a singular and significant threat to Puget Sound. Over 20 
billion gallons of oil and other toxic chemicals are transported through Washington State by 
various means annually (Jensen 2009). Schmidt-Etkin (2009) reported the greatest potential risks 
of a worst-case oil spill in Puget Sound come from oil tankers, cargo vessels and oil barges. The 
largest oil vessels entering Puget Sound can carry up to 35,000,000 gallons of oil (OSAC 2009). 
Although the probability of a large oil spill from these vessels is relatively low, a large spill 
could have devastating, long-term impacts to natural and cultural resources in Puget Sound. 
Washington state efforts relating to oil or other chemical spills are focused on spill prevention, 
preparedness and response.  

Losses/removal of toxic contaminants from the ecosystem - Placeholder  

• Burial  
• Degradation/detoxification  
• Dilution/mixing  
• Biological transport  

Other Pathways (placeholder)  

• Recycling to and from sediments  
• Movement between water bodies  
• Biological transport  
• Trophic transfer (e.g., biomagnification)  

1. State and Impact in the Ecosystem  

By its definition, threat implies harm to biota, humans, or ecosystem function. The Toxic 
Contaminants DPSIR conceptual model helps to link the threat from human activities, 
contaminants sources, loadings, and conveyance pathways to the states of ecosystem health that 
are of concern (Figure 5). Contaminant states can be measured in biota as exposure, or 
concentration of contaminant residues in tissues, presence of contaminant metabolites or 
toxicopathic disease. Contamination of sediments and water are also often measured as a proxy 
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for biota-exposure, based on known or surmised bioconcentration or bioaccumulation factors 
(e.g., see Johnson et al 2002).  

Sediment Health - placeholder  

• Sediment quality triad, a unique multimetric index of sediment quality that combines 
toxic contaminants, toxicity, and infaunal community characteristics  

Biota Health  

Once released into the environment, many chemicals of concern can persist for long periods of 
time and contaminate extensive areas. Chapter 2a summarizes major aspects of the distribution 
of toxic contaminants in Puget Sound’s abiotic media (primarily sediments) including a the 
sediment quality triad, a multimetric evaluation of sediment quality related to toxic 
contamination. The degree to which biota are threatened by toxic contamination relates to all the 
complexities described in the Driver-Pressure-Conveyance above, combined with the 
susceptibility and sensitivity of organisms to exposure, the fate and transport of toxics in the 
environment and in the food web, the degree to which chemicals accumulate in tissues or are 
metabolized, and how resilient biota are once the pressure is removed.  

Impacts to biota can be measured as direct health impairments to individuals e.g., mortality, 
immunosuppression, reduced fitness, or reproductive impairment that may ultimately impact 
populations, or as indirect effects wherein community structure may be altered because of 
toxicopathic losses of individuals. These latter impacts have been observed in benthic infaunal 
micro-invertebrates in Puget Sound (Long et al. 2005) but have been difficult to observe in 
higher organisms. Toxicopathic community effects in higher organisms such as fishes, birds and 
mammals are often modeled as cascade effects in the ecosystem based on known predator-prey 
or competitive relationships among affected species.  

Persistent Bioaccumulative Toxics (PBTs)  

Because many chemicals are persistent, bioaccumulative toxics (PBTs) understanding their fate 
and transport in the environment including movement in the food web is of paramount interest in 
evaluating threats. As reviewed in Chapter 2a, mammalian apex predators such as killer whales 
(Orcinus orca) and harbor seals (Phoca vitulina) have exhibited body burdens of persistent toxics 
(PCBs and PBDEs) expected to cause serious health effects (Ross 2006). Ross et al. (2000) 
characterized the Southern Resident Killer Whale population as among the most contaminated 
cetaceans in the world. Exposure to PBTs have been implicated as a cause for population decline 
in this population, as well as an impediment to their recovery (Krahn et al. 2002). PBT exposure 
in apex predators like these is widely thought to occur from consuming contaminated prey 
(Cullon et al. 2005, Cullon et al. 2009, O'Neill et al. 2006). The most highly PCB-contaminated 
populations of killer whale and harbor seal prey -- chinook salmon (O'Neill and West 2009) and 
Pacific herring (West et al. 2008) -- have been reported from Central and Southern Puget Sound.  

Metals/organometals - Placeholder  
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Organochlorine pesticides - Placeholder  

Other (Non-OC) Pesticides/Herbicides - Placeholder  

Fossil fuels/PAHs - Placeholder  

Dioxins/furans - Placeholder  

Toxicopathic Impacts: three cases studies  

The DPSIR conceptual model implies a left-to-right progression of thought and discovery from 
drivers to impacts. This type of model has directed a great deal of monitoring and assessment 
efforts to date in Puget Sound, including the PBT studies in fish and mammals described above. 
In some cases however, toxicopathic impacts have been identified in biota first, without 
knowledge of or understanding the drivers or pressures or conveyance pathways. In such cases, 
scientists have worked right-to-left from impacts to identify causative chemicals, pathways and 
sources. This approach requires field-biological capacity that can “…pay attention to unusual 
biological observations..”, recognizing “…what is normal and abnormal…” (sensu, Sumpter and 
Johnson 2005) within the context of the range of stressors (pollution or other) that might cause 
such abnormalities. Three prominent indicators of biota health in Puget Sound that were 
developed in this manner are reviewed here as case studies.  

Case 1: Cancerous liver tumors were observed in English sole (Pleuronectes vetulus), a bottom-
dwelling flatfish, in Puget Sound’s most polluted waters as early as 1975. At that time the 
disease was hypothetically linked to pollutant exposure. This cancerous biomarker has been used 
since that time as an indicator of bottomfish health in Puget Sound, and its cause has been 
identified as exposure to fossil fuels or by-products of their use (polycyclic aromatic 
hydrocarbons or PAHs -- Myers et al. 2003). Liver disease in English sole is being used to track 
efficacy of a sediment-PAH cleanup program in Eagle Harbor (Myers et al. 2008), and is 
currently being monitored along with sediment PAHs in Puget Sound to evaluate trends in 
ecosystem health Sound-wide. The disease is significant to fish because it is associated with 
reproductive impairment and liver disease that have fitness consequences (Johnson & Landahl 
1993). One study suggested the level of impairment exhibited by English sole could reduce 
population size in exposed populations in Puget Sound (Johnson et al. 1998).  

Case 2: Threats to bottomfish populations related to exposure to endocrine disrupting 
compounds (EDCs) have been identified in Puget Sound. Initially recognized in routine field 
monitoring efforts as abnormal gonadal development, specific toxicopathic reproductive 
anomalies such as abnormal spawn timing in male and females and feminization of male fish 
were later identified in English sole from Elliott Bay (Johnson et al. 2008). These authors noted 
that several EDC compounds that could cause these conditions have been identified in Elliott 
Bay sediments (Partridge et al., 2005), in watershed bodies, stormwater, and wastewaters 
draining to Elliott Bay. These compounds include both natural human estrogen (17-β estradiol) 
and synthetic estrogen (ethinylestradiol), which can be conveyed to aquatic systems via 
wastewater treatment plants in Puget Sound (Lubliner 2010), as well as nonylphenol (a surfactant 
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commonly found in detergent) and bisphenol A (commonly found in polycarbonate plastics), 
which have been measured in stormwaters draining to Puget Sound (King County 2007).  

Case 3: Contaminant threats to coho salmon (Oncorhynchus kisutch) spawning in urbanized, 
lowland stream reaches have been described from years of observing “pre-spawning mortality” 
of this species (McCarthy et al. 2008), wherein adults returning to spawn in such streams die 
before they can spawn, sometimes within a few hours of entering the stream. This threat is of 
particular concern because it affects a sensitive life history phase during reproduction, as coho 
salmon are moving from saltwater back to freshwater to spawn. This syndrome is associated with 
storm-related flash-flow regimes in lowland urban streams that receive stormwater draining from 
urban landscapes. Stormwater-conveyed contaminants and sedimentation have been implicated 
as causative, especially stormwater that occurs after a long antecedent dry spell.  

State and Impact to Humans - Placeholder  

Uncertainties and Information Gaps  

The threat of toxics is related not only to the source, fate and transport of toxics in the 
environment, but also to the toxicity and subsequent harm to organisms. Significant uncertainties 
and knowledge gaps exist in all of these areas. Washington State agencies are currently placing a 
high emphasis on quantifying the type, loading amounts, and timing of toxic contaminants 
entering Puget Sound, especially via stormwater, and modeling the movement of toxics in the 
ecosystem. These ongoing efforts produce valuable estimates of contaminant loadings and 
information on how contaminants reach Puget Sound. In addition, this effort will produce 
associated estimates of uncertainty, which should be carefully considered in management 
responses.  

Significant uncertainty also relates to gaps in knowledge, including:  

• where and when accumulative toxics enter the food chain,  
• temporal and spatial trends in biota-exposure for many contaminants, and  
• the relative harm to biota and humans caused by exposures.  

As described in Chapter 2 Biophysical status of Puget Sound, some of the greatest uncertainty 
regarding the threat of toxic chemical contaminants in the Puget Sound ecosystem is how toxics 
affect or harm organisms. Although there exists a great deal of information related to the extent 
and magnitude of exposure of Puget Sound biota to toxic contaminants, significant gaps in our 
understanding of how toxics harm biota include:  

• toxicity of multiple-chemical mixtures,  
• sublethal effects on reproduction and fitness,  
• population-level effects,  
• community-level effects related to changes in fitness and cascading competition and 

predation effects among affected species,  
• realistic effects-thresholds for most Chemicals of Concern,  
• the relative degree of threat for the wide range of toxics we are aware of, and  
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• exposure and effects in sensitive life-stages (such as eggs, larvae, and reproducing adults).  

Careful selection of indicator species and metrics that can be used to evaluate these gaps will 
allow better understanding of where to focus limited recovery resources, as well as predict 
outcomes from recovery strategies.  

Pressure: Toxic Chemical Contaminants in Freshwaters - Placeholder  

• Ecology PBDE study  
• Ecology Mercury/human health study  
• Ecology PCB study?  
• King Co. DNR Lake Washington EDC study  
• NOAA salmon studies  
• Copper  

o Current use pesticides  
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Driver: Intentional and Unintentional Introduction of Invasive and 
Non‐native Species 

Non-native species are those that do not naturally occur in an ecosystem. A non-native species is 
considered invasive when it is capable of aggressively establishing itself and causing 
environmental damage to an ecosystem. Plants, animals, and pathogens all can be invasive. 
Typical traits of an invasive species include: 1) generalist; being able to survive in a variety of 
physical and biological situations, 2) rapid reproduction, growth, and dispersal ability, and 3) 
lacking natural predators or pests in the invaded ecosystem. Thus, invasive non-native species 
are successful competitors in new ecosystems, usually displacing native species and disrupting 
ecosystem processes. An increase in invasive non-native species is associated with land cover 
change (human development and seral stage) and habitat fragmentation, human activities that 
transport the plants and animals or their eggs/seeds, and to changes in disturbance regimes 
(Hobbs 2000).  

Invasive non-native species are a worldwide problem; in the United States alone an estimated 
50,000 non-native species have either been introduced or escaped within natural or managed 
ecosystems (Pimentel et al 2000). With that many species involved, the fraction that is invasive 
does not have to be large to inflict great harm upon native species and natural ecosystems. For 
example, 602 of the 1055 native plant species and 68 out of 98 native bird species that are 
categorized as threatened in the United States are imperiled by invasive non-native species 
(Gurevitch and Padilla 2004).  

Invasive non-native species are either introduced intentionally, with the express purpose being 
the translocation of the organism or unintentionally as a secondary byproduct (Ruiz and Carlton 
2003). A few examples of unintentional introduction include: ballast water exchange, packing 
material, and pathogens hitchhiking on other organisms. Identifying pathways and vectors is 
critical because the easiest means to prevent and reduce the spread of new invasions is vector 
interception or disruption (Carlton and Ruiz 2005). Without managing the pathways and vectors 
by which invasive non-native species enter the Salish Sea ecosystem, the number of successful 
establishments of invasive non-native species will increase.  

Placeholder: Economic Consequences  

Pressure: Invasive and Non-native Species in Salish Sea Ecosystem  

In the following section, we use DPSIR terminology to help evaluate invasive species as a 
pressure to the ecosystem in terms of impacts to native populations and communities with 
intentional and unintentional introductions as drivers (Figure 5). The strategies to control and 
prevent invasive species are discussed in more detail in Chapter 4.  
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Figure 6. Driver-Pressure-State-Impacts-Response conceptual model for Invasive Species.  

The Washington Invasive Species Council has identified approximately 700 invasive non-native 
species that have been introduced/established in and around Washington State at varying spatial 
extents (Washington Invasive Species Council 2009). Of these 700 species, the council identified 
50 priority species/guilds based on these having highest impacts to the system. Of the top 50 
priority species/guilds, 37 already occur in Washington and consist of 17 terrestrial plants, 2 
terrestrial animals, 8 aquatic plants, 7 aquatic animals, and 3 insects/diseases. To give an idea as 
to the breadth of species considered in the top 50 invasive non-native species, a few examples 
include the following: knotweeds, butterfly bush, feral swine, spartina, caulerpa seaweed, New 
Zealand mud snail, tunicates, nutria, wood boring beetles, and viral hemorrhagic septicemia virus.  

State: Invasion of Terrestrial Ecosystems  

Clear differences have been demonstrated between invasive and non-invasive plant species on 
the basis of physiology, leaf-area allocation, shoot allocation, growth rate, size and fitness (van 
Kleunen et al 2010). Currently, the 2010 Washington State Noxious Weed list identifies 112 
invasive non-native terrestrial plant species occurring throughout Washington . These species are 
classified into three major classes:  



April 2011 Puget Sound Science Update  Page 486  Puget Sound Partnership 

1. Class A- Composed of 28 invasive non-native species (5 are considered in the 50 priority 
species/guilds) with limited distribution in Washington and eradication is required by law.  

2. Class B- Composed of 55 invasive non-native species (11 are considered in the 50 top 
priority species/guilds), which are presently established in limited portions of the state, 
with containment as the primary goal.  

3. Class C- Composed of 29 invasive non-native species (1 is considered in the 50 top 
priority species/guilds) that are widespread in Washington, with flexibility of control at 
the local level.  

For terrestrial animals there is no comparable comprehensive list of species present throughout 
the Puget Sound region like there is for aquatic environments. However, some individual 
counties have partial lists of non-prioritized invasive non-native species that are present. For 
example, King County identifies the European Starling, House Sparrow, Eastern Gray Squirrel 
and domestic cat as invasive within the county .  

Impacts:  

Two of the most influential factors influencing land invasions are disturbance and the transport 
of species by global trade. The facilitation between land transformation and global transport of 
species is bi-directionally linked. Land transformation provides opportunities for invasion and 
invasions can enhance and drive land transformation (Hobbs 2000). When both of these 
pressures interact, they create the potential for extreme changes of ecosystem dynamics (Hobbs 
2000).  

Fragmented native vegetation adjacent to human development is more likely to be invaded 
because of its interface with anthropogenic vegetation (edges) that enhances the spread of 
invasive species from the disturbed edges. The interaction between fragmentation and invasion 
results in changes in ecological processes, loss of native species and an overall reduction in 
biological diversity (Murcia 1995; With 2002). There is a coupling between disturbance (both 
natural and anthropogenic) and high levels of invasive non-native species. For example, Seattle 
public lands are highly disturbed by urbanization and also contain a large proportion of invasives. 
From 1999 to 2000, a citywide survey of Seattle’s 3,215 hectares of public land was completed. 
The survey found that invasive non-native plant species are present in 94% of these urban natural 
areas and that 20% of the city’s forested areas are highly invaded (Ramsay et al 2004). A follow-
up sample performed in 2005 within the city’s eight forest types, indicated that these lands were 
still highly invaded (Seattle Urban Nature Project 2006). In the mixed coniferous/deciduous 
forest type for example, the regenerating tree layer is composed of 55% non-native evergreen 
trees and 8% non-native deciduous trees. Overall biodiversity and ecosystem function typically 
become reduced when invasive species become dominant (Sanders et al 2003). With invasive 
non-native species composing more than half of all regenerating trees found, the forest is more 
susceptible to greater damage from disease, pests and other disturbances thereby jeopardizing the 
future of this forest type (Seattle Urban Nature Project 2005).  

Farther from urban centers, clear-cut logging is a major source of disturbance in the Cascades 
(Parks et al 2005). Throughout the Coast Range and Western Cascades, invasives dominate for 
the first 2-5 years following the disturbance but are then replaced by native species as succession 
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progresses. This pattern was observed from 2001-2005 across the Forest Inventory and Analysis 
Program plots in Washington and Oregon mountain ranges (Harrington et al 2007). They found 
that the percentage of invasive species declined with increasing stand size class. Since larger 
stand class size is highly associated with time since a major disturbance, most invasive plant 
species on forest land in the region are associated with recently-disturbed locations.  

However, even though native plant species regain dominance over invasives after a forest 
disturbance, there are long term effects on the dominant native species (Dale and Adams 2003). 
During the first 10 years following the debris avalanche of Mount St. Helens, plots inundated 
with invasive species had significantly greater conifer sapling mortality and lower native species 
diversity than un-invaded plots. After this initial 10 year period, no difference in conifer 
mortality was noted and native species diversity was higher within invaded plots. Even so, the 
plots dominated by invasive species still had fewer conifer trees overall. Thus, the short-term 
conifer mortality increase associated with non-native species invasion appears to have long-term 
effects on the recovery of conifers as the dominant vegetation. The reduction of these 
foundational conifer species may cause cascading effects, affecting energy and nutrient fluxes, 
hydrology, biodiversity and food webs (Ellison et al 2005).  

Global travel and commerce has redistributed species around the globe, connecting regions that 
historically were biogeographic barriers. A nation’s non-native species diversity is strongly 
related to its level of trade (Westphal et al. 2008) and the United States is one of the leading 
nations in recipients of non-native invasives through international trade (Jenkins and Mooney 
2006). While air- and seaports are major entry points for international trade, the commodities 
arriving at these destinations and those arriving from interstate commerce, are subsequently 
moved by road and rail. Many of these shipments contain unintended stowaways, such as 
untreated wood harboring non-native invasive insects and pathogens (Piel et al 2008). The travel 
corridors then help direct the movement of non-native invasives through less hospitable habitat, 
facilitating their spread and establishment (Hulme 2009).  

Urban areas in the Puget Sound region are at high risk for introduction of non-native invasive 
bark- and wood-infesting insects based on the amount of urban and exurban forestland and the 
tonnage of imported goods (Colunga-Garcia et al 2009). The most prevalent pathway is imported 
machinery and nonmetallic mineral products originating from Asia (Colunga-Garcia et al 2009). 
There have been several incidences of Asian and citrus long-horned beetles being found in 
warehouse and plant nursery shipments to Washington State. Some beetles escaped into 
neighboring greenbelts, necessitating the cutting of several thousand trees, injections of a 
systemic pesticide, and the quarantine of all host material for a one-half mile radius around the 
beetle introduction site4.  

Other non-native invasives are spread intentionally for human use, for example agriculture, 
horticulture or pet trade. The majority of woody non-native invasive plants in the United States 
were introduced for horticultural purposes—82% of 235 woody plant species identified as 
colonizing outside of cultivation have been used in landscaping (Reichard and White 2001). A 
conservative number of 104 non-native invasive shrub species are known in the United States, 
with at least 17 species occurring in Washington State (Boyce 2009). Many of these shrubs affect 
native forests by crowding out native species, reducing biodiversity and may change ecosystem 
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functioning effectively halting successful tree regeneration (Boyce 2009). Shrubs are often 
introduced by escaping from gardens, where they are grown for their flowers and fruit. Birds and 
mammals are responsible for furthering the spread of the shrubs due to the large fruit crops 
produced. Birds alone are vectors for the seed dispersal of over 70 non-native shrub species 
nationwide (Boyce 2009).  

State: Invasion of Marine/Estuarine Ecosystems  

Coastal estuarine and marine ecosystems are among the most heavily invaded systems in the 
world (Grosholz 2002), mostly due to intentional and unintentional introductions by boat traffic 
(ballast water and hulls), aquaculture, bait and released pets (Carlton 2000).  

Even though estuarine and marine systems are heavily invaded, currently, the 2010 Washington 
State Noxious Weed list identifies only 4 invasive non-native estuarine/marine plant species 
occurring throughout Puget Sound . However, all 4 are considered Class A species meaning 
eradication is required by law.  

The Washington Department of Fish and Wildlife maintains a watch list of aquatic nuisance 
species of Washington’s marine and freshwaters. These non-native species are considered to 
have a high risk of becoming invasive and are separated into species of primary concern—those 
considered to have the highest level of environmental risk, and secondary concern—considered 
to have a lower level of environmental risk. According to the 2008 watch list, of the marine 
animals, 8 of 9 primary and 22 of 34 secondary species of concern are currently present in 
Washington. All but two of the primary marine species of concern overlaps with the top 50 
priority species/guilds listed by the Washington Invasive Species Council. While a total of 4 
marine secondary species of concern overlaps with the top 50 priority species.  

Impacts:  

A study by Lawrence and Cordell (2010) looked at how ballast water influences the amount of 
propagules (e.g., larvae) of non-native species found in Puget Sound waters. Cordell’s results 
indicate that the Puget Sound receives an annual average of 7.5 x 106 m3 of ballast water from 
both foreign (mostly trans-pacific) and domestic waters. Foreign trans-Pacific vessels carried 
significantly fewer (p < 0.001) propagules compared to ships on domestic west coast routes. Of 
the propagules detected, trans-Pacific ships contained almost twice as many non-native species 
(19 species) than did those from ships on west coast routes (10 species), with seven species being 
common to both. However, even though trans-Pacific vessels had higher diversity of non-native 
species, densities of nonnatives were 100-200% greater in domestic ballast water. Considering 
that a variety of biological and physical factors affect an invader’s success, both foreign (high 
diversity) and domestic (high density) sources of ballast water have high potential to result in 
successful invasions of the Sound.  

Wonham and Carlton (2005) reviewed the literature documenting 123 introduced invertebrate, 
algal, fish and vascular plant species in the Northeastern Pacific Ocean. They found the major 
invasion pathways to be shipping (hull fouling, solid and water ballast) and shellfish (particularly 
oysters) and finfish imports. Successful invasions increased at linear, quadratic, and expotential 
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rates for different taxa, pathways and regions in the Northeastern Pacific. Of the regions included 
in this study, Puget Sound had the most introduced species.  

Ballast water is not the only vector for distributing invasive non-native species in the Sound. Of 
the 62 established invertebrate invasive non-native taxa found in Puget Sound waters, only 25 
are spread by ballast (Simkanin et al 2009). Six of these 25 taxa are exclusively distributed by 
ballast. Other major sources include ship fouling (35 taxa) and commercial oysters (39 taxa) 
(Simkanin et al 2009). Sixteen and 17 taxa are distributed exclusively by fouling and commercial 
oysters respectively.  

Regardless of invasion pathway, invasive non-native marine/estuarine species in the Puget Sound 
are capable of causing extensive ecological changes. For example, highly invasive non-native 
cordgrass (S. alterniflora, S. anglica, S. patens, and S. densiflora) in estuarine habitat rapidly 
converts bare mudflat into a cordgrass monoculture. S. alterniflora was accidentally introduced 
in the 1890s when it was used as packing material for oysters shipped from the Atlantic coast 
(Grevstad et al 2003), it is most widely spread in Willapa Bay, infesting approximately 465 solid 
hectares (Phillips et al 2008). S. anglica was introduced in Port Susan Bay in 1961 for erosion 
control and cattle forage and infested approximately 36 solid hectares (Phillips et al 2008). S. 
patens and S. densiflora introduction pathways are unknown and take up less than 0.40 solid 
hectare at the mouth of the Dosewallips river and Gray’s Harbor (Phillips et al 2008). These 
infestations of Spartina have negative community level effects as it greatly reduces habitat 
available for fish, shellfish (commercial and native), migratory waterfowl and shorebirds 
(Hacker et al 2001; Buchanan 2003; Grevstad et al 2003; Semmens 2008).  

When Spartina invades a variety of potential niches, physical conditions of the habitat are the 
main limiting factors controlling the high variation in establishment and growth among habitats 
rather than biological interactions (Dethier and Hacker 2005). Thus, the range, abundance and 
physical and biological effects of Spartina do vary depending on the type of habitat invaded 
(Hacker and Dethier 2006). Of four habitat types considered (mudflat, cobble beach, low and 
high salinity marsh), Spartina has the greatest range and abundance in mudflats and low salinity 
marshes compared to high salinity marshes and cobble beaches. Changes in sediment 
characteristics also substantially differed among habitats; some habitats experience greater 
accretion (mudflats), greater water content (cobble beach), and greater salinity loss (high salinity) 
than other habitats. Finally, native plant diversity declined in low salinity marshes but either 
increased or remained stable within the other habitat types, although percent cover and species 
richness of native macroalgae decreased. Thus, if changes occur in salinity, sea level, or 
sediment supply in various invaded habitats, Spartina impacts will be altered, most likely to the 
detriment of the native community (Hacker and Dethier 2006).  

Another estuarine invasive non-native ecological engineer, an eelgrass (Z. japonica), has had an 
opposite community effect. Eelgrass beds provide habitat and food to a wide variety of marine 
organisms, protection for fry, and prevent beach erosion, thus being a critical component of the 
nearshore ecosystem. The invasive form of eelgrass typically does not coexist or compete with 
the native eelgrass (Z. marina) of Puget Sound but simply extends the eelgrass bed further into 
the upper intertidal zone (Britton-Simmons et al 2010). Within two decades of introduction, Z. 
japonica almost doubled the total eelgrass habitat in Boundary Bay, British Columbia (Williams 
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2007). Now migrating waterfowl prefer it over native eelgrass as their principal food. Z. japonica 
has increased faunal diversity, net primary production and influenced the biogeochemistry of the 
entire estuary (Williams 2007).  

These two invasive non-native species, S. alterniflora and Z. japonica also have indirect effects 
on each other (Williams 2007). The vector of the interaction depends on which colonizes first. If 
S. alterniflora colonizes first, it outcompetes Z. japonica. However, if Z. japonica colonizes first 
it inhibits the seed germination of S. alterniflora.  

Oysters are another ecosystem engineer, having major impacts on coastal ecosystems (Ruesink et 
al 2005). Not only are the oysters food for fish and invertebrates, they also improve water quality 
by filtration and provide habitat by creating biogenic reefs. These reefs influence water flow, 
which alters sediment deposition, consolidation, and stabilization. Thus, oysters can have 
disproportionately high impacts on the ecosystem, although impacts vary by species. Two 
important species will be considered here:  

1. The Olympia oyster (Ostrea lurida); native to Puget Sound but became commercially 
unviable due to overharvesting in the late 1800s, and despite a century of negligible 
harvesting, it remains commercially unviable to this day (Trimble et al 2009).  

2. The non-native Pacific oyster (Crassostrea gigas); commercially replaced O. lurida in 
1928 and is now Washington’s most valuable shellfish resource (Dethier 2006).  

The lack of recovery by native O. lurida is partially due to competition with C. gigas and other 
non-native and invasive species (Trimble et al 2009). Interspecific competition reduced Olympia 
oyster survival with C. gigas growing at twice the rate of native O. lurida (Buhle and Ruesink 
2009; Trimble et al 2009). Fouling organisms, most of them non-native, kill or reduce food 
access to O lurida. The removal of fouling organisms, doubles the chance that O. lurida will 
survive and improves its growth (Trimble et al 2009). One particular invasive non-native of note 
that affects both O. lurida and C. gigas is the oyster drill (Ocinebrina inornata). This species was 
introduced before 1965 with shipments of Pacific oysters, is now established and widespread in 
Willapa Bay and is a significant pest of oyster aquaculture (Buhle and Ruesink 2009). Where 
drills are present they reduce overall survival of both oyster species, killing on average 0.33 (SE 
= 0.08) Pacific oysters, and 0.16 (SE = 0.04) Olympia oysters per drill per week, dependent upon 
prey density.  

Placeholder: Green crabs, tunicates  

State: Invasion of Freshwater/Riparian Ecosystems  

Currently, the 2010 Washington State Noxious Weed list identifies 26 invasive non-native 
freshwater plant species occurring throughout Washington. These species are classified into three 
major classes:  

1. Class A- Composed of 7 invasive non-native species (2 are considered in the 50 priority 
species/guilds) with limited distribution in Washington and eradication is required by law.  
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2. Class B- Composed of 14 invasive non-native species (4 are considered in the 50 top 
priority species/guilds), which are presently established in limited portions of the state, 
with containment as the primary goal.  

3. Class C- Composed of 5 invasive non-native species (None are considered in the 50 top 
priority species/guilds) that are widespread in Washington, with flexibility of control at 
the local level.  

The Washington Department of Fish and Wildlife maintains a watch list of aquatic nuisance 
species of Washington’s marine and freshwaters. These non-native species are considered to 
have a high risk of becoming invasive and are separated into species of primary concern—those 
considered to have the highest level of environmental risk, and secondary concern—considered 
to have a lower level of environmental risk. According to the 2008 watch list, of the freshwater 
animals, 3 of 14 primary and 12 of 39 secondary species of concern are currently present in 
Washington. All but two of the primary freshwater species of concern overlaps with the top 50 
priority species/guilds listed by the Washington Invasive Species Council. However, only one of 
the freshwater secondary species of concern overlaps with the top 50 priority species.  

Impacts:  

Riparian zones are significant because of their ameliorating influence on aquatic ecosystems. 
These zones are unique ecological hotspots; instrumental in providing shelter and food for 
aquatic organisms, stream temperature regulation, maintaining healthy water quality by filtering 
contaminants and stabilizing the soil (Gregory et al 1991; Naiman 2005). When invasive non-
native species displace natives within the riparian zone, these introduced species have the 
potential to cause long-term cascading changes in the structure and functioning of both the 
riparian zone and adjacent aquatic habitat. A study by Urgenson et al (2009) found the invasive 
non-native giant knotweed (Polygonum sachalinense) caused such changes in community 
function and structure of western Washington riparian zones. Richness and abundance of native 
herbs, shrubs, and juvenile trees were negatively correlated with knotweed density, with a 70% 
reduction of native leaf litter mass. Knotweed litter has a carbon:nitrogen ratio of 52:1, which is 
38-58% higher than that of native woody species. Knotweed invasion, with its litter of lower 
nutritional quality could affect the productivity of macro-invertebrate communities and in turn, 
the fish and other animals that use these invertebrates as a primary food source. Other effects of 
knotweed, such as decline in regeneration of red alder (a nitrogen fixer) and conifers, have 
important implications for nitrogen cycling and amount of large woody debris respectively.  

Washington State lake ecosystems have an invasion history involving the introduction and 
establishment of numerous plants and animals. One species of special importance within the 
Puget Sound Basin is crayfish. Crayfish are a keystone species capable of effecting changes in 
primary productivity, food web dynamics, water quality, and biodiversity (Mueller 2007). 
Washington State has one native species, the signal crayfish (Pacifastacus leniusculus). However, 
two invasive species in Washington have been documented; in the year 2000, an invasive species, 
the red swamp crayfish (Procambarus clarkia) was discovered (Mueller 2002) and 2007 marked 
the first sighting of the northern crayfish (Orconectes virilis) (Larson and Olden 2008). As of 
2008, of 58 lakes surveyed in the Puget Sound region, P. clarkia was found in ten and O. virilis 
was found in three (Larson and Olden 2008). The lakes that are invaded by P. clarkia, are 
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clustered near schools which use crayfish in their science programs whereas the lakes invaded by 
O. virilis were all near golf courses, with ponds at golf courses oftentimes being stocked with 
crayfish for aquatic macrophyte control (Larson and Olden 2008). The close association between 
the schools and golf courses with the invaded lakes provides strong support for implicating them 
as introduction pathways for crayfish.  

Another introduced species within the lake system is the Chinese mystery snail (Bellamya 
chinensis). These snails were introduced 40 years ago and are now broadly distributed in 
hundreds of lakes that historically supported relatively few native snails (Olden et al 2009). The 
Chinese mystery snail has now become a food source for both the native and invasive species of 
crayfish. Interestingly, the native crayfish is able to consistently handle and consume the snails at 
a faster pace, outcompeting both species of invasive crayfish for this novel food source (Olden et 
al 2009). Even so, the invasive red swamp crayfish still outnumbers the native signal crayfish by 
more than 2 to 1 where both species co-occur (Mueller 2007). Thus, the likelihood that red 
swamp crayfish will alter freshwater aquatic ecosystems in the Pacific Northwest is high (Moore 
2006).  

Freshwater fish species are introduced around the world due to demands for aquaculture (39%), 
ornamental fish (21%), modification of wild stocks (17%), sport fishing (12%), accidentally (8%) 
and biocontrol/engineering (6%) (Gozlan et al 2010). In western North America in particular, a 
variety of non-native fishes and the bullfrog (Rana catesbeiana) have been widely introduced, 
mainly for aquaculture and sport fishing (Adams 1999). One major impact from these 
introductions is the loss or decline of native amphibian species. Amphibian species richness is 
significantly lower at ponds having non-native predatory fish present than at either non-predatory 
or fish-free ponds (Hecnar and M’Closkey 2001). Even in otherwise relatively pristine high 
mountain lakes, lower amphibian diversity occurs in lakes harboring introduced trout, with long-
toed salamanders and pacific treefrogs most negatively impacted (Bull 2002).  

Non-native fish species facilitate the viability of another non-native freshwater predator, the 
bullfrog (citation). The bullfrog is a formidable predator, with large specimens capable of 
preying upon small birds, young snakes, crayfish, other frogs, and minnows. Non-native fish 
prey upon native macroinvertebrates thus indirectly facilitating the survival of bullfrog tadpoles 
(Adams et al 2003). Further, in pond surveys the best predictors of bullfrog abundance were the 
presence of non-native fish. However, when comparing the effects of non-native fishes and 
bullfrogs on red-legged frogs in the lowlands of Western Washington, red-legged frogs were 
significantly impacted more by non-native fishes than bullfrogs (Adams 1999). Thus, in the 
Pacific Northwest, non-native fish may pose a greater conservation concern than bullfrogs, at 
least for amphibians (Richter and Azous 1995; Adams 1999; Adams et al 2003).  

Place holder: Millfoil is another important invasive in freshwater system. Himalayan blackberry, 
Scotch broom  

1. Summary, Uncertainties and Information Gaps  

Approximately 700 invasive species occur near or in the Puget Sound/Georgia Basin, many of 
which have become established in our native ecosystems (Washington Invasive Species Council 
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2009). With so many species involved, it becomes necessary to prioritize control efforts based 
upon ecological and economic impact. However, prioritization is no easy task considering 
multiple taxa and habitat types are involved and interaction/facilitation between species occurs. 
Some comparative studies have been attempted, but are far from being comprehensive (Adams 
1999). Ranking systems appear to be useful for more comprehensive prioritization (Randall et al. 
2008), although they are based on expert opinion and current knowledge. This is the method 
used by NatureServe (2004) and multiple states, including Washington. The assessment tool used 
by the Washington Invasive Species Council allows invasive non-native species to be ranked 
according to their ecological impact and the likelihood of Washington state agencies being able 
to effectively implement prevention measures or conduct early action on a species.  
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Ecosystem Models 

Many types and classes of models have been developed and applied to parts or all of the Salish 
Sea ecosystem including efforts to model impacts of climate change (e.g., Kairis 2010, Casola 
2009), assess the implications of alternative urban growth patterns (e.g., Alberti et al. 2004), 
predict impacts of future seismic events (e.g. Hyndman 2003, Hartzell 2002), predict weather 
patterns (e.g., Grell et al. 1995, Colle 1998), understand water circulation patterns (e.g., 
Hamilton 1985, Babson et al. 2006), evaluate residency time of toxic chemicals and effects on 
biota (e.g. Spromberg 2006), assess food web dynamics (e.g., Harvey et al. 2010), predict 
biological invasions (e.g., Cordell 2010, Colnar 2007), etc. Because of immediate information 
needs, we focus our efforts on the models that identify and compare threats to the Salish Sea 
ecosystem and identify indicators of threats or ecosystem condition in this Science Update. 
Secondarily and incompletely, we focus on models that help identify mechanistic linkages 
between threats (Drivers) and changes in ecosystem states but only for the “high” and “very high” 
ranked threats that we identified in the Introduction of this chapter. Finally, we present water 
circulation models because they are focused on identifying the cause of an event (low oxygen 
levels in Hood Canal) of concern to many because of the negative effects on biota. This event 
may be associated with one or more of the high level threats but until the cause is better 
understood, we will not know.  

For our purposes, a “model” is a mathematical representation of the ecosystem or components of 
the ecosystem including human impacts. For the models described we identify model inputs, 
their primary findings, their utility to management and conservation, and their ability to identify 
ecosystem threats and indicators. In addition, when information is available, we provide 
information on model reliability, which is usually assessed by comparing simulated results to 
empirical data or correlations between derived indices and biological data. Finally, we identify 
information gaps.  

1. Models Identifying Ecosystem Threats and Indicators  

For the ecosystem threats and indicator models that follow we compare their potential to be used 
to identify /evaluate threats in Table 5 below. We also assess their ability to identify indicators or 
for the model outputs to be used as indicators.  

Relative Risk Models  

Relative risk models were developed to characterize relative risks to an ecosystem and have been 
used for a variety of purposes (see Landis and Wiegers 2007). These models have been applied 
to very large estuaries to evaluate the relative influence of different stressors (threats) and their 
sources (e.g., Iannuzzi et al. 2009). In Puget Sound, this modeling approach has been used to 
investigate the causes of the Cherry Point Pacific Herring run (Landis et al. 2004) and to identify, 
rank and assess their combined impacts of stressors to the near shore environment at Cherry 
Point (Hayes and Landis 2004). The Cherry Point near shore analysis, analyzed cumulative 
impacts from multiple sources of chemical and non-chemical stressors (e.g., ballast water, piers, 
point source pollution, recreational activities) to assess risk to multiple species that use the near 
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shore environment (Hayes and Landis 2004). This approach allows researchers to compare 
threats spatially and quantitatively and to identify: (1) the most threatened geographical 
subregions, (2) the sources contributing the most risk, and (3) the habitats and speices most at 
risk. To date, this model has only been applied at small scales but could be applied to the entire 
Salish Sea ecosystem. Results from this modeling effort suggest that the major contributors of 
risk to the Cherry Point near shore marine environment are vessel traffic, upland urban and 
agricultural land use, and shoreline recreational activities (Hayes and Landis 2004). For the 
Cherry Point Pacific herring stock, exploitation, habitat alteration and climate change were the 
risk factors that contributed to the decline. The retrospective assessment identified the warm 
Pacific Decadal Oscillation (PDO) as the primary factor altering herring population dynamics 
(Landis et al. 2004).  

Mass-balance Model for evaluating Food Web Structure and Community Scale Indicators  

Harvey et al. (2010) developed a mass-balance model of the Puget Sound Central Basin food 
web with the goal of identifying indicators for assessing the effectiveness of various 
management activities. The model consists of 65 functional groups that range from primary 
producers to top order consumers that live in nearshore, offshore, pelagic, and demersal 
environments. It also includes several fisheries. Their model indicates that the system is 
dominated by demersal species and that most of the biomass is aggregated in seven functional 
groups. Bottom-up dynamics appear to strongly influence trophic flows but there are examples of 
top-down control with bald eagles apparently able to cause trophic cascades. Model simulations 
indicate that current commercial fishing mortality appears to be sustainable and below maximum 
sustained yields due, in part, to declines in commercial fisheries in recent years. Their model has 
not yet been used to test the ecosystem-level impacts of past levels of fishing effort on previously 
heavily exploited fishes such as rockfish and gadoids. Finally, their model has significant 
implications on which species or functional groups are good indicators of changes in 
management activities (e.g., Samhouri et al. 2009) but their technical memo does not contain 
recommended indicators. Other than fisheries, this model does not include the impacts of human 
activities on the food web and is currently focused on central Puget Sound but will include other 
basins in future iterations and will eventually be replaced by an Atlantis model (Horne et al. 
2010, Fulton et al. 2004, 2007). The Atlantis model will add several features that the current 
model is lacking, most notably: tighter coupling between functional groups and abiotic features 
like temperature, circulation, nutrients and dissolved oxygen; spatial dynamics that allow 
simulation of multiple basins of Puget Sound; species-habitat interactions; and more realistic 
representation of life history features such as age structure, migrations, and prey switching. 
Atlantis also enables simulation of monitoring and assessment programs designed to evaluate the 
effectiveness of management policies.  

Mapping Cumulative Impacts to the California Current Marine Ecosystems  

Halpern et al. (2008) developed an ecosystem-specific, multiscale spatial model in a GIS 
environment that combined multiple drivers (e.g., sea temperature, shipping, and species 
invasion) into a single estimate of cumulative human impact for the world’s oceans. In a second 
paper, Halpern et al. (2009) focused on mapping these same cumulative impacts to California 
Current marine ecosystems with the goal of identifying the most and least impacted areas and the 
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top threats to the region - this analysis included Puget Sound. However, results for Puget Sound 
proper were not discussed.  

The highest impact scores were concentrated around areas of large human populations including 
Puget Sound. Climate change drivers (SST, UV, and ocean acidification) exhibited the greatest 
ecosystem impacts across the region because of their widespread distribution and high 
vulnerability of many ecosystems to these stressors. Other important drivers included 
atmospheric deposition of pollution, ocean-based pollution, and commercial shipping. Intertidal 
and nearshore ecosystems were the most heavily impacted because of exposure to stressors from 
both land- and ocean-based human activities. The two top impacted ecosystems by human 
activities were mudflats and oyster reefs. The authors attribute the impacts to these systems from 
historic overharvesting of oysters and subsequent disease outbreaks that accompanied the 
introduction of non-native and invasive species and to the expansion of non-native species like 
cordgrass (Spartina alterniflora) into mudflats (Callaway and Josselyn 1992, Ruesink et al. 2005). 
Other highly impacted ecosystems identified by Halpern et al. (2009) included salt marsh, beach, 
seagrass, and rocky intertidal.  

Mapping the Terrestrial Anthropogenic Impacts to the Western U.S. – Human Footprint  

In the terrestrial enviornament, researchers have evaluated the cumulative impact of human 
activities in a GIS environment at global (e.g., Sanderson et al. 2002), national (Theobald 2010) 
and regional (e.g., Leu et al. 2008) scales. The regional effort by Leu et al. (2008), involved 
calculating the physical human footprint, defined as the actual space occupied by human features 
for the western U.S. including Washington. Recognizing that human features influence 
ecological processes beyond the physical space occupied by those features they also mapped the 
effect area, or the ecological human footprint. To accomplish this, they derived an index that 
combines 14 landscape structural and anthropogenic features in a GIS environment: human 
habitation, interstate highways, federal and state highways, secondary roads, railroads, irrigation 
canals, power lines, linear feature densities, agricultural lands, campgrounds, highway rest stops, 
landfills, oil and gas developments, and human-induced fires.  

They estimated that 13% of the western U.S. was dominated by human features with agricultural 
land, human population areas, and roads covering the majority of this area. In addition, they 
found that low elevation areas with deeper soils were disproportionally affected (43% vs. 7%) by 
the human footprint and so were ecoregions dominated by urbanized areas like the Puget Trough 
- Willamette Valley - Georgia Basin ecoregion.  

To test the footprint model, they correlated bird abundance patterns with human footprint 
patterns and found that synanthropic species increased with greater human footprint scores and 
species sensitive to habitat fragmentation generally decreased in abundance with increasing 
human footprint scores (Leu et al. 2008, Johnson et al. 2010, Knick and Hanser 2010). In 
addition, the presence of a deadly fungal disease (Batrachochytrium dendrobatidis) in native 
frogs of the Pacific Northwest was strongly correlated with human footprint scores (Adams et al. 
2010) – this disease has been associated with rapid global decline and extinction of amphibians 
in several regions around the world (Skerratt et al. 2007). Like the California Current model 
above, the human footprint model can be used to identify areas for conservation activities, areas 
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for restoration and areas appropriate for human activity. In addition, the authors of this model 
developed a theoretical approach to using human footprint data to monitor the effectiveness of 
landscape level conservation efforts (Haines et al. 2008).  

Models Associated with the Threat Climate Change  

Many models have been developed to assess climate change impacts on plants and animals, 
hydrology, sea surface temperature, weather patterns, sea level, ocean acidification, UV radiation, 
etc. In addition there have been several efforts to summarize and synthesize the findings of these 
models (e.g., Climate Impacts Group 2009, and IPCC 2007). The Climate Change section of this 
chapter focuses on the outcomes of climate change models and rather than repeat this 
information here, we refer readers to that section or to the reports that summarize and explain the 
various modeling efforts.  

Models Associated with the threat Residential, Commercial and Industrial 
Development  

The Distributed Hydrology Soil Vegetation Model (DHSVM) is a spatially explicit, 
biophysically-driven hydrologic model (Wigmosta et al. 1994, 2002; Cuo et al. 2008, 2009). 
DHSVM uses GIS-derived representations of elevation, soil type, soil thickness, vegetation, and 
meteorological data to simulate water and energy fluxes at and below the land surface. The 
model has been used to evaluate effects of forest management on land surface hydrologic 
response, especially flooding, of upland forested basins (e.g., Bowling and Lettenmaier 2001; 
Lamarche and Lettenmaier 2001; Whitaker et al. 2003). The model represents the effects of 
topography on incident and reflected solar radiation, and on downslope redistribution of moisture 
in the saturated zone, which in turn controls both fast and slow runoff response. DHSVM has 
been recently modified to predict the hydrologic response of partially urbanized watersheds by 
altering the treatment of precipitation on impervious surfaces, adding water detention, and 
spatially varying the surface runoff depending on land cover (Cuo et al. 2008, 2009). The 
model’s output, which closely matches empirically observed trends in flux rates and volumes, 
illustrates important linkages between landscape pattern and hydrology, with more extreme, 
episodic flux rates and volumes in urbanizing, highly impervious landscapes (Bowling and 
Lettenmaier 2001; Lamarche and Lettenmaier 2001; Whitaker et al. 2003; Cuo et al. 2008, 2009).  

The Land Cover Change Model (LCCM) was developed to forecast potential trends in land cover 
change in the central Puget Sound, in conjunction with landscape-based models of bird species 
richness and abundance (Hepinstall et al. 2008, 2009). LCCM uses a set of spatially explicit 
multinomial logit models of site-based land-cover transitions. LCCM is fully integrated with the 
UrbanSim model (Waddell et al. 2003), a spatially explicit socioeconomic model of land use 
decision-making that predicts changes in the spatial distribution of households, jobs, and real 
estate quantities, types, and prices. Coupling the LCCM with UrbanSim allows for simulation of 
multiple interacting aspects of urban development, via UrbanSim’s interfaces with external 
macroeconomic and transportation models. The LCCM explicitly models human decisions 
responsible for land cover change including interactions among humans and between 
socioeconomic and environmental variables, and dynamic shifts in land use/land cover resulting 
from such interactions (Hepinstall et al. 2008, 2009). Model results suggest that, under current 
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development trends, urban land cover is expected to increase over the next 20 years by 68-73 
percent of its 1999 extent, with resultant shifts (based on linkages to avian diversity models) in 
the dominance of synanthropic and early successional guilds over forest interior bird guilds 
(Hepinstall et al. 2008, 2009).  

Envisioning Puget Sound Alternative Futures (Bolte and Vache). See Models Associated with 
the Threat Shoreline Development below.  

Models Associated with the Threat Shoreline Development  

Historic change and impairment of Puget Sound shorelines (Simenstad et al. 2009) – this change 
analysis modeled changes in the spatial arrangement of dominant ecosystem processes along 
Puget Sound’s beaches, estuaries and river deltas. The outcomes of this change analysis are 
described in detail under Shoreline Development.  

Envisioning Puget Sound Alternative Futures (Bolte and Vache 2010). This effort models 
changes in landscape composition based on alternative trajectories: 1) status quo: continuation of 
current trends, 2) Managed growth: concentrates growth within urban growth areas and near 
regional growth centers, and 3) unmanged growth: relaxation of land use restrictions. Scenarios 
were created using a spatially and temporally explicit alternative futures model and created a set 
of spatial coverages reflecting different scenario outcomes for a variety of landscape variables 
(land use/land cover, shoreline modifications, and population projections). The model also 
generated a set of summary statistics describing landscape change variables. This modeling 
effort is being used to project future impairment of ecosystem functions, goods and services. 
Results are presented by sub-basins. The results are presented in 12 maps and 57 graphs that 
generally demonstrate greater loss of forests, wetlands and an increase in development associated 
with the unmanged growth scenario but with considerable variation among sub-basins. In 
addition, graphs indicate an increase in docks, impervious survaces, marinas, and shoreline 
armoring associated with unmanged growth.  

Models Associated with the Threat Pollution  

Placeholder – this section needs to be developed.  

Models Associated with the Threat Invasive and Non‐native Species  

Physico-chemical factors affecting copepod occurrences  

Cordell et al. (2010) modeled the physio-chemical factors affecting occurrences of non-
indigenous planktonic copepod in the northeast Pacific estuaries. They characterized estuaries 
with and without populations of the copepod Pseudodiaptomus inopinus and identified relatively 
low salinity and stratification of water column temperature and salinity as important predictors of 
copepod occurrence. This type of modeling can be used to predict species invasions and 
environmental susceptibility and potentially identify methods to reduce invasion potential.  

Please see Invasive and Non-native Species section for other modeling efforts.  



April 2011 Puget Sound Science Update  Page 499  Puget Sound Partnership 

Puget Sound Water Circulation and Water Quality Models  

In some cases we don’t know the threats but observe events that cause concern and then attempt 
to identify the cause (usually viewed as a threat). The following modeling efforts attempt to 
identify the causes of ecological events such as low oxygen events in Hood Canal that cause 
negative effects on the biota. Modeling efforts are particularly useful for these types of 
investigations because of complex interactions among a variety of factors contributing to the 
event including bathymetry, water circulation, and water chemistry. We recommend expanding 
this section to include additional models especially by those involved in these efforts.  

Hood Canal Dissolved Oxygen Program  

The deep waters of the southern Hood Canal have historically had low dissolved oxygen 
concentration. However, in recent years the severity of the hypoxia has increased and is having 
negative effects on biota. In response, the Hood Canal Dissolved Oxygen Program was initiated 
to investigate the sources of low oxygen events and their effects on marine life. Researchers are 
using the Regional Ocean Modeling System of Haidvogel et al. (2008) to achieve this goal and 
publications are expected in the next year and should be available for future editions of this 
publication.  

Estuarine circulation model for Puget Sound, Georgia Basin  

Researchers with the Puget Sound Regional Synthesis Model initiative (PRISM 2010) developed 
an estuarine circulation model for Puget Sound, Georgia Basin and linkages to Pacific currents, 
adapted from the Princeton Ocean Model (POM; Edwards et al. 2007). The model is designed to 
examine hydrodynamic factors including three-dimensional patterns of water column circulation, 
tidal and riparian fluxes, water temperature, and salt water/freshwater exchange patterns and 
rates within the Puget Sound/Georgia Basin system. Simulation results have been favorably 
compared with empirical measurements for Carr Inlet (Edwards et al. 2007), and are being used 
to demonstrate that surface current patterns and other hydrodynamic factors potentially play a 
significant role in driving hypoxic conditions in Hood Canal (Hood Canal Dissolved Oxygen 
Program, unpublished results). The model is being used more broadly by PRISM to understand 
temporal dynamics in salt/freshwater exchanges, differences in subbasin residence times, and 
contributions of freshwater fluxes from Puget Sound/Georgia Basin to oceanic currents.  

'''Summary and Conclusions  

Although incomplete, we found that ecosystem modeling efforts are being broadly applied to the 
Salish Sea ecosystem to help us understand everything from the relative magnitude of ecosystem 
threats to the causes of low oxygen events. In this Update we identify models that identify and 
rank threats to the Salish Sea ecosystem and that can be used as indicators or can be used to 
identify a potential suite of indicators and provide a summary of those efforts in Table 5.  

During this model identification and review process, we identify the following research needs:  
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1. In Table 5, we assess the use of various models to identify and rank threats and identify 
indicators. The approaches described here or similar approaches could be applied at the 
scale of the Salish Sea ecosystem. Such an effort would identify the primary threats, help 
quantify the extent of ecosystem threats, and identify the most threatened ecosystems. 
This type of information is critical for spatially explicit and effect conservation planning. 
Ideally, the terrestrial and aquatic modeling efforts would be combined into a single 
seamless model of the marine, terrestrial and freshwater ecosystems because of the 
interacting and synergistic effects of threats originating and moving between these 
ecosystems.  

2. Expand the mass balance model to the entire Salish Sea and eventually replace it with the 
Atlantis model. This effort will allow managers to identify effective indicators at the 
scale of the Salish Sea and the use of the Atlantis model will allow better coupling 
between functional groups and abiotic features like temperature, circulation, nutrients and 
dissolved oxygen; spatial dynamics that allow simulation of multiple basins of Puget 
Sound; species-habitat interactions; and more realistic representation of life history 
features such as age structure, migrations, and prey switching. Atlantis also enables 
simulation of monitoring and assessment programs designed to evaluate the effectiveness 
of management policies  

3. Continue to link modeling efforts as demonstrated by the linking of cycling and 
circulation models to investigate causes of low oxygen events. Such links allow 
researchers to expand the scope and scale of inference and take advantage of existing 
efforts.  

4. When causes of ecosystem change are not well understood, as is the case with low 
oxygen levels in Hood Canal, models can be used to understand the causes of these types 
of events.  

Table 5. Models identifying ecosystem threats and indicators we assess their intended or 
potential use to identify/evaluate threats or management alternatives and their ability to identify 
or be used as indicators.  

Model  Objectives  Inputs  
Used to 
identify/evaluate 
threats? 

 
Used to 
identify 
indicators? 

 Used as an 
indicator?  

Relative 
Risk 
Models 

 

Characterize 
risks to 
ecosystems from 
various stressors 
including threats 
to fish runs and 
impacts from 
chemical 
stressors 

 

Categorical ranks 
for each stressor 
(spills, land use, 
ballast water, 
etc.). Inputs 
include volume, 
percent cover, 
number of 
various stressors. 
Habitat types are 
also included in 
the model using 
length and area 

 

Yes – 
quantitatively 
identifies threats 
to ecosystems 

 Potentially  

Potentially 
– could 
use change 
in stressor 
ranks 
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by type. Risk 
predictions are 
point estimates 
based on ranks 
and effects of 
parameter 
uncertainty is 
assessed using a 
Monte Carlo 
Analysis 

Mass 
balance 
food web 

 

Identify 
indicators for 
assessing the 
effectiveness of 
various 
management 
activities 

 

65 functional 
groups that range 
from primary 
producers to top 
order consumers 
that live in 
nearshore, 
offshore, pelagic, 
and demersal 
environments. It 
also includes 
several fisheries. 

 Yes -fisheries 
only  

Yes - the 
primary 
objective 

 Potentially  

California 
Current  

Identifying the 
most and least 
impacted areas 
and the top 
threats to the 
California 
Current region 

 

Combined 25 
anthropogenic 
drivers (e.g., sea 
temperature, 
shipping, 
pollution, 
fisheries and 
species invasion) 
into a single 
estimate of 
cumulative 
human impact 

 

Yes - 
quantitatively 
identifies 
primary 
anthropogenic 
threats to the 
marine 
ecosystem 

 Yes  Yes  

                  
                  

Human 
footprint  

Map the extent of 
anthropogenic 
features and their 
extended area of 
influence for the 
western U.S. To 
assess the human 
footprint extent 

 

Index that 
combines 14 
landscape 
structural and 
anthropogenic 
features in a GIS 
environment: 
human 

 

Yes - 
quantitatively 
identifies the 
combined 
anthropogenic 
impacts to 
terrestrial and 
freshwater 

 Yes  

Yes - 
theoretical 
approach 
published 
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among 
ecoregions, 
freshwater 
aquatic systems, 
across lands 
differing in 
ownership and 
protection status 
and across 
physical 
environmental 
gradients (e.g., 
productivity and 
elevation). Goal 
was to identify 
areas where 
management 
actions could 
reduce human 
influences, to 
locate areas for 
restoration, to 
evaluate “what 
if” scenarios, and 
to assess changes 
in the human 
footprint over 
time 

habitation, 
interstate 
highways, federal 
and state 
highways, 
secondary roads, 
railroads, 
irrigation canals, 
power lines, 
linear feature 
densities, 
agricultural 
lands, 
campgrounds, 
highway rest 
stops, landfills, 
oil and gas 
developments, 
and human-
induced fires 

systems 
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Conclusion 
1. What are the biggest threats to the health of Puget Sound? 

We reviewed eight assessments of threats relevant to the Salish Sea ecosystem. While each 
presents a unique list, there is considerable overlap and consistent high ranking of development, 
climate change, invasive species, pollution, and shoreline modification. Species harvesting was 
also highly ranked and should be priority topics for future synthesis.  

In just over a century, the human enterprise in the Salish Sea Ecosystem has had tremendous 
impacts. The human footprint has taken roughly half of the forest and wetlands, impounded 37% 
of the drainage, removed 1000 km of natural shoreline and altered weather patterns such that 
entire glaciers have been lost. Simultaneously, human activities have introduced toxins, 
endocrine disruptors, and at least 700 non-native species in the system. The combined impacts of 
these changes and their current and future interactions in an environment substantially warmed 
by anthropogenic energy demands are profound and wide reaching.  

Conversion of land from forest to human settlements has transformed the watersheds that feed 
the Salish Sea to the detriment of terrestrial, freshwater, and marine ecosystems. The importance 
of linkages between terrestrial and aquatic systems cannot be overstated. Furthermore, the 
interaction between factors such as modifications to the landscape and climate change can 
enhance declines of habitats (e.g., salmon habitat).  

What are key lessons learned?  

In an effort to boil down the information in this chapter and highlight the most important lessons 
learned, we selected key pieces of information where there was a significant weight of evidence 
to support the observation, there were good data and high certainty, impacts were wide ranging 
impacts in the ecosystem or were derived from multiple threats, and where good information 
existed to characterize threats (please see specific sections for references).  

Climate change If climate changes as predicted, the following impacts will likely occur:  

• The Climate Impacts Group predict average temperature rise in the Pacific Northwest of 
1.1°C.  

• The combination of warming temperatures and decreased snow to precipitation ratio will 
affect snowmelt and the region’s water supply will be affected.  

• Stream temperature will be less hospitable to salmon.  
• Sea surface temperatures in Puget Sound will increase by ~ 6°C, causing an increase in 

algal blooms and hypoxic events.  
• Acidification of Puget Sound waters is cause for concern for organisms at the base of the 

food chain supporting higher tropic levels.  

Invasive species  
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• Of the 700 species introduced/established in and around Washington State, the council 
identified 50 priority species/guilds based on these having highest impacts to the system.  

• Trans-Pacific vessels had higher diversity of non-native species, and densities of non-
natives were 100-200% greater in domestic ballast water. Considering that a variety of 
biological and physical factors affect an invader’s success, both foreign (high diversity) 
and domestic (high density) sources of ballast water have high potential to result in 
successful invasions of the Sound.  

• In the Pacific Northwest, non-native fish may pose a greater conservation concern than 
bullfrogs, at least for amphibians.  

• Identifying pathways and vectors is critical because the easiest means to prevent and 
reduce the spread of new invasions is vector interception or disruption.  

• For terrestrial animals there is no comparable comprehensive list of species present 
throughout the Puget Sound region like there is for aquatic environments.  

Residential, Commercial and Industrial Development  

• The biophysical contrasts introduced through the process of residential, commercial and 
industrial development – particularly through the replacement of native vegetation with 
impervious surfaces – impact ecological processes from the ecosystem to species level.  

• Development within the Puget Sound watershed, particularly within the central Sound 
region, has increased at a rate of approximately 1.4 percent per year over the last decade, 
and is forecasted to spread well into the Cascade foothills by 2027.  

• Canges in land cover and land use result in significant loss of nutrient and water retention, 
affecting water quality and quantity in the Salish Sea ecosystem. Simultaneously, such 
changes introduce new stressors through introduction of chemical contaminants and 
increased stormwater runoff.  

Shoreline development  

• Approximately 99.8 percent of shoreline exhibit some level modification and degradation 
to nearshore processes.  

• Of the forms of shoreline modification, shoreline armoring is most prevalent, comprising 
74 percent of all artificial shoreforms.  

• Shoreline modification has resulted in significant disruption or loss of important natural 
shoreforms such as large river deltas, coastal embayments, beaches and bluffs, and 
estuarine wetlands. Shorelines have also exhibited considerable shortening and 
simplification as a consequence of modification.  

• Dominant impacts of shoreline modification include disruption of sedimentation rates and 
patterns, which affect the geomorphology and maintenance of shoreform structures.  

• Ecosystemic changes resulting from shoreline modification lead to significant disruption 
or loss of plant and animal habitats, particularly affecting salmonids and other important 
aquatic species.  

Pollution  
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• Non-point source pollution carried by stormwater and atmospheric processes represent 
the greatest threat of contaminant loadings from their terrestrial sources to Puget Sound.  

• Residential pollution sources are a large contributor to toxics in Puget Sound.  
• The probability of a catastrophic oil spill in Puget Sound is low but the threat of long-

term damage from such an event is high.  
• A wide range of Chemicals of Concern for Puget Sound has been identified based on a 

broad range of conveyance pathways and contaminant types, and on the threat of harm to 
biota health.  

• Trophic transfer (food-web biomagnification) of persistent bioaccumulative toxics has 
resulted in high threat of toxicopathic disease to apex predators such as southern resident 
killer whales and harbor seals in Puget Sound.  

• Toxicopathic cancer in English sole from habitats along urbanized shorelines is caused by 
exposure to fossil-fuel compounds in their environment, and is being used to track bottom 
fish health through time.  

• English sole from habitats throughout Puget Sound have shown reproductive impairment 
related to exposure to endocrine disrupting compounds, possibly related to human 
wastewater.  

• Pre-spawing mortality of coho salmon returning to some urbanized stream is linked to 
stormwater runoff from urban landscapes.  

Future Directions We view this threat assessment as a “work in progress” and hope that other 
contributors will fill in missing pieces (e.g., threats to human wellbeing, and other identified 
threats not covered) using peer-reviewed sources, provide additional information and help 
identify any mistakes or misrepresentation of information.  

Our review of the literature suggests that threats have been identified and classified along broad 
categories (Table 1). The scientific community did a good job at developing conceptual models 
using DPSIR framework to show linkages among threats. We tried to build on these efforts by 
providing information to validate those links. However, we identify the need to further 
demonstrate linkages and the effect of interactions among threats in a more quantitative way. We 
propose methods to accomplish this effort in the Introduction and Ecosytem Models sub-sections.  

We also identify the need for a more comprehensive, quantitative and systematic assessment of 
the relative magnitude of threats and the uncertainty surrounding the relative magnitude of 
threats. We did not find a peer-reviewed analysis of the relative magnitude of threats for Puget 
Sound proper. Therefore, our Chapter treats threats separately and does evaluate the relative 
importance of threats on the Puget Sound ecosystem. However, we identified modeling 
approaches that help identify and compare threats quantitatively and the information contained in 
this chapter will hopefully contribute the information needed to build such models. Ideally, the 
models would help tease apart the confounding effects of human activities and natural events. 
The output of the modeling exercise would be to provide recommendation on priorities for 
management and policy.  

More effort is needed to translate threats into measures or indicators of threats following Haines 
et al. 2008.  
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Ideally, future threats assessments would be both spatially and temporally explicit. For example, 
GIS maps of contamination would be comprehensive and demonstrate levels of contamination 
explicitly highlighting when contamination levels exceed heath thresholds or impair population 
survival and reproduction.  
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Section 1. Introduction 

The goal of this chapter is to review the potential ecosystem protection and restoration strategies 
investigated in past scientific research, assess how they can positively affect the biophysical 
condition of the greater Puget Sound ecosystem and summarize how the strategies can be applied 
to reduce threats to recovery of the Puget Sound ecosystem. This chapter covers strategies for 
both protecting resources that remain healthy as well as rehabilitating impaired natural resources. 
We emphasize the importance of concentrating on determining the level of effectiveness of the 
candidate strategies based on scientific research, as well as the relative certainty associated with 
their reported effectiveness.  

We reviewed the background and evaluated the relative scientific basis for the effectiveness of 
the most promising and well-substantiated strategies as well as relevant strategies that hold 
promise for the future. We included placeholders for both established and future strategies that 
were not covered. Socioeconomic strategies for Puget Sound ecosystem protection and 
restoration were touched upon briefly but can be expanded in future iterations of the Puget 
Sound Science Update.  

We particularly focus on identifying strategies that reduce multiple threats to the ecosystem by 
linking the strategies to their threat reduction objectives under the description of each strategy. 
Although we do not make recommendations for the application of certain strategies relative to 
others, we do include a proposed evaluation process that can be used as a to compare attributes 
and relative cost-effectiveness of different strategies.  

We define a protection and restoration strategy as any action that will protect, restore, or improve 
the functional well-being of the natural Puget Sound ecosystem. Identifying a strategy requires 
identifying a goal or goals, identifying possible actions (choices) to achieve the goal, evaluating 
the likely success of those actions, and deciding on a relatively complete set of actions.  

Protection and restoration strategies are strongly characterized by elements of variable scale (e.g., 
geographic, institutional, temporal), complexity, technical application and degrees of overlap.  

1. Organization of Chapter 4 of the Puget Sound Science Update  

Because of the complex, dynamic, and interconnected nature of ecosystems and how they 
interrelate with human institutional systems and practical aspects of physical, on-the-ground 
application, protection and restoration strategies do not fall into neat categories. Therefore our 
chapters are organized according to how the strategies will be implemented. First, in Section 2 
we address the overarching principles for protection and restoration strategies and review broad 
strategies that, by their nature, apply generally across the landscape, such as land protection and 
flow protection. In Section 3 we review protection and restoration strategies that apply to the 
physical, chemical, and ecological functions of streams, tributaries, and watershed habitat quality. 
We address in Section 4 strategies that directly influence the ecology and habitats of Puget 
Sound proper, its estuaries, and shorelines. In Section 5, we review strategies that directly apply 
to the recovery of fish and wildlife populations. In each section, we provide background 
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regarding the strategy, its application in Puget Sound, and its scientifically supportable 
effectiveness, recognizing the multitude of strategies and topics that were not covered in this first 
iteration of the PSSU.  

A systematic approach is required for decision-makers to understand the relationships among 
different types and scales of protection and restoration strategies and for gauging the 
effectiveness of the various strategies. There is also a need distinguish among strategies that 
already known to be effective, those that need additional research and those for which there is 
promise but little information. Therefore, in Section 6 we propose a system for organizing, and 
ultimately rating different strategies.  

We do not address specific implementation or monitoring requirements. On-site applications of 
protection and restoration measures are decided at the federal, state, tribal, and local levels. 
Importantly, systems for monitoring the relative success of various protection and restoration 
strategies must be implemented to provide an information feedback loop needed to evaluate 
relative success of the measures.  
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Overarching, Large‐scale Protection and Restoration Strategies 

Here we focus on strategies that address broad-scale impacts in Puget Sound. We discuss 
perhaps the two must ubiquitous drivers, human footprint and climate change, recognizing that 
all other strategies must be imbedded within the context of these ultimate drivers. This review 
concentrates on publications that focus on Puget Sound, or at least the Pacific Northwest, 
including: Clancy et al. (2009), Climate Impacts Group (2009), Hulse, Gregory, and Baker 
(2002), Lombard (2006), Montgomery et al. (2003), and Ruckelshaus and McClure (2007). It is 
our hope that future versions of this document include lessons learned from other large-scale 
protection and restoration efforts in the U.S. that have analogous processes or properties.  

1. Ultimate Drivers: Human Footprint and Climate Change 

In coming decades, the key drivers of ecological change for the Puget Sound ecosystem will be 
the likely increasing size of the human footprint (a function of both the region’s growing 
population and per capita impacts) and climate change. To acknowledge these external driving 
factors, we propose that the overall strategy to protect and restore the Puget Sound ecosystem be 
guided by three broad principles:  

1. Many valuable mitigation actions address impacts from both human footprint and future 
climate. Many of the most valuable actions to mitigate the impacts of climate change are also 
among the most valuable actions to reduce per capita impacts of the human footprint; the 
rationale for action therefore does not depend on predictions of climate change, but is 
strengthened by the potential to provide multiple benefits (Whitely Binder et al. 2009).  
2. Increasing resilience of the ecosystem will allow ecological functions to continue in the face 
of climate change, increased weather extremes and other stressors (Whitely Binder et al. 2009).  
3. Principles of adaptive management are important components of protection and restoration 
actions in general.  

To address the threats posed by climate change (See Chapter 3 of the PSSU), specific actions for 
Puget Sound proposed by the Climate Impacts Group (CIG 2009) could improve ecological 
functioning and increase the resilience of the ecosystem to other stresses from regional 
population growth. These actions are included in the PSP Action Agenda (PSP 2008), and 
include reducing water demand, restoring riparian areas, protecting and restoring off-channel 
habitats in floodplains, maximizing stormwater infiltration, expanding or adjusting protected 
areas to induce greater habitat and climatic diversity to permit successful shifts in species 
distributions and prevent new development on beaches and bluffs likely to be threatened by sea 
level rise.  

Puget Sound Protection and Restoration Strategies 

At the landscape scale, the priority strategies identified in the PSP Action Agenda include those 
from the Puget Sound Salmon Recovery Plan for the watersheds, estuaries and nearshore habitats, 
and fall under 4 main categories: Protection of intact ecosystem processes, restoration of 
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ecosystem processes that are no longer intact, prevention of water pollution at its source and 
working together as a coordinated system (Shared Strategy 2007, PSP 2008).  

General principles for implementing site-specific protection and restoration strategies include 
understanding the physical setting for the proposed action (Buffington et al. 2003, Bolton et al. 
2003), prioritizing protection of highly functioning habitats over restoration of damaged ones, 
focusing on both the protection and restoration of habitat forming processes and connectivity 
(Clancy et al. 2009) and treating protection and restoration actions as experiments with explicit, 
testable hypotheses and monitoring to assess their effectiveness.  

Landscape protection strategies can include two different approaches: focusing growth away 
from ecologically important and sensitive areas, and permanently protecting intact areas that still 
function well, both of which are included in the PSP’s approach (Neuman et al. 2009). The 
strategy of focusing growth away from ecologically important and sensitive areas was found to 
be important for achieving ecological goals over longer (50 year) time scales by Hulse et al. 
(2002) in the Willamette River basin. Parametrix (2003) also found that this strategy was critical 
for achieving ecological goals over long timeframes at smaller scales, such as the 16-square-mile 
basin of Chico Creek, on the Kitsap Peninsula. Both studies found that growth in rural areas—
how much occurs and where—was particularly important for the larger ecosystem.  

As a supplement to the strategy of permanently protecting areas that still function well, the 
literature supports including key areas for habitat-forming processes, even those which are not 
currently intact. Acquisition of property is an effective strategy for permanent protection (Clancy 
et al. 2009), however it not always feasible across the entire scale where protection and 
restoration are needed. Additional strategies, including restoration and regulation can supplement 
the benefits of protection and achieve ecological functioning across larger scales (Lombard 
2006).  

Funding large scale ecosystem restoration  

Numerous studies have stressed the importance of a stable source of funding for large-scale 
ecosystem restoration. Adler, Michele, and Green (2000) state that “funding stability is as 
important as absolute funding levels.” They go on to suggest that “Congress should consider 
establishing longer-term funding arrangements for watershed and other environmental programs 
that must be designed and implemented over long periods of time.” Similarly, NRC (2008) found 
that “The executive and legislative branches of the federal government should consider departing 
from traditional project-by-project review, authorization and yearly funding to benefit both the 
[Everglades project] and other multi-component ecosystem restoration projects across the nation.” 
The Everglades project appears to be a particularly acute cautionary example warning against too 
great a dependence on the federal government for support of large-scale restoration. Beyond 
problems caused by delays and unpredictability in federal authorizations, NRC (2008) found that 
“... the most serious cause ...” of overall delays was the “... complex and lengthy…planning and 
authorization process ...” mandated by Congress for each individual project.  
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Economics  

The broad definition of “regulation” in Montgomery, Booth, and Bolton (2003) includes 
incentives, noting that incentives are intended to address conflicts between public costs or 
benefits and those of private decision-makers. More generally, these are instances of what 
economists call an “externality, ” which is when a purchase or use decision by one set of parties 
has effects on others who do not have a choice in the decision and whose interests are therefore 
generally not taken into account. Economic production that pollutes air or water is the classic 
example of a negative environmental externality, but externalities can also be positive. 
Agricultural practices certified as “Salmon-Safe,” for example, benefit water quality and salmon 
populations (and, therefore, the wider public that values them), yet the public provides no 
compensation for these benefits. The predictable result is that too much economic activity occurs 
with negative externalities and too little with positive externalities.  

A.C. Pigou is generally recognized as the first major economist to grapple seriously with the 
problem of internalizing environmental externalities (Pigou 1932—originally published in 1920). 
Today, the fields of resource, environmental and ecological economics all address this problem, 
although from different perspectives (Tietenberg 2006; Daly and Farley 2004). Pigou (1932) 
proposed a tax equal to the marginal external cost as the seemingly simple solution to the 
problem of negative environmental externalities. However, identifying an actual value for 
marginal external costs is extremely challenging, even though numerous methodologies have 
been developed to do so (see, for example, Freeman 2003)1 . Ecological economics argues that 
instead of spending enormous efforts to calculate the “correct” value of negative or positive 
environmental externalities, we should act on our knowledge that the price of zero currently 
attributed to them is incorrect and work to implement and improve policies that address this key 
deficiency (Daly and Farley 2004).  

In the Puget Sound area, Lombard (2006) suggests the possibility of using a tax or fee to address 
negative environmental externalities from water withdrawals, our transportation system, 
discharge of pollutants, and landscape-scale environmental consequences from growth. He also 
suggests that revenues could help fund programs to reward landowners for ecological services 
from their land that currently go uncompensated. This could include providing more “space” for 
rivers, the nearshore, and other key places on the landscape for ecological processes. No analysis 
has been performed to estimate the effects these taxes and fees would likely have on the amount 
of these activities.  

1 More details on economic valuation of ecosystem services await the separate chapter on socio-
economic strategies expected to be added to this section in a future update.  
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Protection and Restoration Strategies for Watersheds and 
Tributaries 
1. Section Scope  

This section reviews, assesses, and summarizes the potential strategies investigated in past 
scientific and technical research for positively affecting the watersheds and tributaries draining to 
Puget Sound. The review and assessment covers strategies for both protecting resources that 
remain and recovering or improving resources that have been impaired. Concentration is on 
presenting the level of effectiveness of the candidate strategies, as established by the research, 
and the relative certainty associated with the reported effectiveness. Of particular interest is 
identifying strategies that reduce multiple threats to the Puget Sound ecosystem.  

This section covers the scientific and technical aspects of potential restoration and protection 
strategies for application in watersheds, whether they drain to tributary fresh waters or to the 
estuarine and marine waters of Puget Sound. It also encompasses strategies that can be applied 
within freshwater bodies to affect positively their overall aquatic ecosystems. This scope 
excludes policy and socioeconomic considerations associated with implementation of the 
strategies.  

A watershed is a unit providing a convenient and practical framework for implementing 
ecosystem management1. Watersheds capture the basic ecological, hydrological, and 
geomorphological relationships that can be affected by land uses in their drainage catchments 
(Montgomery, Grant, and Sullivan 1995; National Research Council 1999; Brooks et al. 2003). 
The concept of a watershed as used in this chapter is a broad one, encompassing the full range of 
scales that may come into play in describing and evaluating protection and restoration strategies.  

Most fundamentally, a watershed is an area of land from which all of the surface and subsurface 
water drains to a common point. Depending on where the point of interest is located, watershed 
size can range very widely. The U.S. Geological Survey (USGS) delineates watersheds in the 
United States using a nationwide system based on surface hydrologic features. This system 
divides the nation into regions, subregions, accounting units, and cataloging units (National 
Research Council [NRC] 2009). These hydrologic units are arranged within each other, from the 
smallest (cataloging units) to the largest (regions). Puget Sound comprises both a subregion and 
an accounting unit divided into 21 cataloging units ranging in area from 648 to 6634 km2. The 
large rivers draining to Puget Sound, or extensive reaches of them, constitute some of these units; 
others are large tributaries to these rivers; while some are parts of the Sound itself or direct 
drainages not passing through a major river system. The system put forth by USGS provides a 
starting point. Ultimately, though, in any particular case a watershed is best defined with 
reference to specific biogeophysical conditions and problems and management objectives 
intended to address them. In many cases these considerations will point to a watershed 
delineation much smaller than a USGS cataloging unit, tens of km2 down to as small as less than 
1 km2. Of course, relatively small watersheds are nested within larger ones, the components of 
which are likely to share many characteristics and be amenable to common strategies. This 
section discusses strategies in relation to their scale of application as appropriate.  
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Watershed Protection and Restoration within Context of the Puget Sound Partnership’s Action 
Agenda  

As outlined in the Introduction to Chapter 4 of the Puget Sound Science Update, the Puget Sound 
Partnership’s (PSP) Action Agenda presented an extensive list of prospective strategies to protect 
and restore Puget Sound and called out a subset of near-term actions. The technical 
memorandum Using Results Chains to Develop Objectives and Performance Measures for the 
2008 Action Agenda (Neuman et al .2009) incorporated many of these strategies, in some cases 
supplementing them with others, and grouped them in seven broad categories. The memorandum 
related strategies to outcomes, threats to the Puget Sound ecosystem, and effects on ecological 
components, setting up a “results chain” showing how a particular action is thought to lead to 
some desired result. This section is concerned with the demonstrated effectiveness and relative 
certainty of some strategies in the Land Protection, Flow Protection, River and Floodplain 
Restoration, Stormwater, and Wastewater categories.  

Organization of this Section  

The progression of the section is from general strategies appropriate at relatively large scales, to 
strategies meant for specific water body types, to management practices for application to 
particular types of threats. The general strategies apply to scales near or at the USGS cataloging 
unit level, or even to the entire subregion, and are related primarily to certain strategies in the 
Land Protection category (Neuman et al. 2009). The section discusses water body-specific 
strategies for streams (creeks and rivers), wetlands, and lakes. Threat-related strategies are 
presented for stormwater and wastewater. The stormwater coverage first focuses on urban runoff 
and is followed by discussions of strategies regarding two other urban issues: municipal and on-
site domestic wastewater. The section concludes with a summary of strategies related to runoff 
from agricultural and forestry production areas.  

The identified strategies arise out of the peer-reviewed literature of the subject, which generally 
requires extensive explanation. Each segment concludes with a synthesis bringing together the 
threads drawn from the literature. While strategies are usually multi-faceted, an attempt is made 
at that point to encapsulate the key elements in a relatively brief statement to capture the essence 
and serve as a touchstone for the strategy.  

Terminology  

This section has a dual interest in the protection and restoration of the fresh waters tributary to 
Puget Sound. In the section’s usage, “protection” means retaining the ecological state at its 
existing level, whatever that may be, without diminishment of any indicators of the health of that 
state, terrestrial or aquatic, structural or functional. The section applies the term “restoration” in 
the broad sense to mean any level of improvement in the state. This usage is consistent with the 
definition in Merriam-Webster’s Online Dictionary3, “bringing back to a former position or 
condition.” That definition and the usage in this section carry no connotation of necessarily 
returning the system to its original state, i.e., pre-human influence, although such an objective is 
a theoretical possibility. Should such an objective be under consideration, the section refers to 
the case as “full restoration,’ by which it means reestablishment of the structure and function of 
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an ecosystem, including its natural diversity (Cairns 1988, NRC 1992). The section also employs 
“rehabilitation,” when an author has selected that term or for variety of discourse, as a synonym 
for restoration (Merriam-Webster’s defines to rehabilitate as “to restore to a former state”).  

When referring to lotic (flowing) waters in general, in this section the term “stream” is usually 
used, which can indicate channels of any size and stream order. When the scale or size is an issue, 
the section references the order or an actual or approximate range of orders. There are several 
systems of assigning stream order, but their distinctions are generally not great enough to affect 
the discussion within the scope of this section. In Strahler’s (1952) system, a headwaters stream 
with no tributaries is first-order, two confluent first-order streams form one of second order, 
joining with another second-order stream (but not one of first order) becomes a third-order 
stream, etc.  

Framework for Watershed‐based Strategies 
Background  

The National Research Council (NRC) of the National Academy of Sciences convened a 
committee in 2007, at the request of USEPA, to review its current permitting program for 
stormwater discharges under the Clean Water Act and provide suggestions for improvement. The 
broad goals of the study were to understand better the links between stormwater pollutant 
discharges and ambient water quality, to assess the state of the science of stormwater 
management, and to make associated policy recommendations. While the committee’s charge 
focused on stormwater and discharge permitting, its report (NRC 2009) offered 
recommendations more widely applicable to comprehensive water resources management, of 
which regulatory permitting is of course a key component. This segment of Chapter 3 
summarizes the relevant recommendations, in the process building a rationale for a watershed 
basis and extracting strategies advancing the PSP’s Action Agenda and Results Chain process. 
The approximately 30-year history of stormwater management in the United States has been 
organized, almost invariably, according to local jurisdictional (city, county) boundaries, with 
state or USEPA oversight through permitting during the latter half of that period. This 
organizational principle extends, for the most part, to management of other pollutant-bearing 
discharges as well. Early in this decade USEPA began to take note of the disadvantages of this 
practice and the potential benefits of an alternative, in a policy statement (USEPA 2003a) 
embracing, “... a detailed, integrated, and inclusive watershed planning process ...,” with a basis 
in, “... clear watershed goals ...” Subsequent to the policy statement, USEPA published two 
guidance documents laying out a general process for setting up Clean Water Act permits on a 
watershed basis (USEPA 2003b, 2007a). The NRC committee recognized the benefits of and 
general principles applying to USEPA’s concept but concluded that its guidance did not go 
nearly far enough toward bringing it to fruition. The committee developed an approach fitting 
within the general framework outlined by USEPA but greatly expanding it in scope and detail. It 
is intended to replace the present structure, instead of being an adjunct to it, and to be uniformly 
applied nationwide.  
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Framework Elements and Their Relationship to PSP Results Chain Strategies  

Appendix 4A, Box A1 presents the major elements of effective watershed-based, water resources 
management and permitting in the committee’s approach (NRC 2009), which are elaborated in 
substantial detail in its report. The list is annotated with identical or similar strategies directly 
represented in Neuman et al. (2009). These elements represent the following key strategy: 
Develop a comprehensive watershed-based management system.  

Comprehensive Watershed Analysis and Management Guidance 

A key element in the framework presented above, and in the PSP Action Agenda (PSP 2008), is 
watershed analysis at an advanced scientific and technical level. Many watershed plans 
completed over the last 40 years have not been successfully implemented. Davenport (2003), 
drawing heavily on a survey of practitioners by the Center for Watershed Protection, presented 
and commented on the main reasons cited for these failures (Box 1).  

Box 1. Reasons for failures of past watershed plans (Davenport 2003).  

• The plan’s scale was too large2.  
• The plan represented a one-time study instead of a long-term commitment.  
• The process lacked local ownership.  
• The plan skirted real issues about land-use regulation.  
• The budget was low or unrealistic.  
• Planning focused on the tools of watershed analysis instead of outcomes.  
• The document was too long or complex (the backup science and technology should be 

placed in a separate document).  
• The plan failed to assess critically the adequacy of existing programs to implement it.  
• Recommendations were too general.  
• Regulatory authority for implementation was insufficient.  
• Key stakeholders were not involved.  
• From the technical standpoint, the plan focused on aggregated averages instead of finer-

scale processes, obscuring vulnerable locations and watershed elements that should have 
been targeted for attention.  

Ideas for promising approaches to watershed analysis and management can be found in a number 
of extended works that have been published over the years explicating multiple aspects of 
watershed analysis and management. Some of these works are potentially useful to assist the PSP 
and its collaborators in going forward with the challenging task of strategizing on the watershed 
level. None is sufficient alone, and none should be used uncritically. Table 1 lists the major, 
general-purpose works of this type published over the last 15 years and summarizes their 
characteristics.  
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It may be seen in Table 1 that no single reference covers all of the principal subjects in detail. 
However, two relatively recent books, Heathcote (2009) and DeBarry (2004), together do 
provide quite comprehensive coverage at the level appropriate to the analytical emphasis 
advocated by NRC (2009). These references would make excellent additions to the library of any 
scientist, engineer, or planner, or regulator who will be working on Puget Sound issues. Those 
working on highly forested watersheds should also consider acquiring Brooks et al. (2003). The 
older material in the table could still benefit those desiring a broader view or who are specialists 
in the areas stressed by a particular reference. As a manifestation of modern watershed-based, 
strategy-oriented practice, it is instructive to summarize Heathcote’s (2009) general approach. 
The approach is highly consistent with PSP’s strategic emphasis and the NRC (2009) framework 
(Box 2).  

Box 2: General Approach to watershed-based, strategy-oriented management practices 
proposed by Heathcote (2009).  

• Develop an understanding of watershed components and processes and water uses and 
users.  

• Identify or rank problems to be solved or beneficial uses to be protected or restored.  
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• Set clear and specific goals.  
• Develop a set of planning constraints and decision criteria (appropriately weighted).  
• Identify an appropriate method of comparing management alternatives.  
• Develop a list of management options.  
• Eliminate options that are not feasible based on constraints and criteria.  
• Test the effectiveness of remaining feasible options using the results of preceding steps.  
• Determine the environmental and economic impacts and legal implications of the feasible 

management options.  
• Develop several good management strategies, each encompassing one or more options, 

for the consideration of decision makers.  
• Develop clear and comprehensive implementation procedures for the plan preferred by 

decision makers.  

Four other volumes of a more specialized nature also deserve mention. Field, Heaney, and Pitt 
(2000) published extended engineering guidance pertaining to urban stormwater management. Its 
systematic approach has an implicit watershed orientation, although it is not built around 
watershed assessment and planning in the way that the works in Table 1 generally are. It does 
cover institutional arrangements and financing, but its treatment of stormwater best management 
practices (BMPs) is now rather dated, with little explicitly on LID methods. Reimold (1998) 
compiled material by multiple authors very broad in coverage geographically and by issues. 
While it gives some attention to analytical and planning tools, this volume is most useful for its 
regional and problem-area case studies. Pacific Salmon and Their Ecosystems: Status and Future 
Options, a collection of contributions by many authors edited by Stouder, Bisson, and Naiman 
(1997), has a fisheries emphasis more suitable for Section 4-4 but is mentioned here because of 
the watershed-based content in its restoration section. Naiman (1992) edited a volume with the 
principal title Watershed Management giving many different views of national and even 
international scope on integrated watershed management and mitigation and restoration.  

Strategies for Managing Streams in a Watershed Framework 
Research Basis  

The condition of streams in urban areas became a subject of study over four decades ago (e.g., 
Larimore and Smith 1963, Hynes 1970, 1974, Tramer and Rogers 1973, Trautman and Gartman 
1974). By the 1990s the effects of watershed urbanization on streams were well documented. 
They include extensive changes in basin hydrologic regime, channel morphology, and 
physicochemical water quality associated with modified rainfall-runoff patterns and 
anthropogenic sources of water pollutants. The cumulative effects of these alterations produce an 
in-stream habitat considerably different from that in which native fauna evolved. In addition, 
development pressure has a negative impact on riparian forests and wetlands, which are 
intimately involved in stream ecosystem functioning (Naiman and Décamp 1997). Much 
evidence of these effects exists from studies of urban streams in the Puget Sound region and 
around the United States (e.g., Klein 1979, Richey 1982, Karr, Toth, and Dudley 1985, Pedersen 
and Perkins 1986, Scott, Steward, and Stober 1986, Garie and McIntosh 1986, Steedman 1988, 
Booth 1990, Booth 1991, Limburg and Schmidt 1990, Booth and Reinelt 1993, Weaver and 
Garmen 1994).  
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Here we report on the findings of two investigations, Booth et al. (2001) and Horner May and 
Livingston (2003) that address linkages between watershed and aquatic ecosystem elements and 
the capabilities of prevailing management strategies to influence these relationships. These 
studies covered primarily second- and third-order streams and their contributing watersheds 
throughout the region. These streams were chosen because of their instrumental role in 
supporting both the spawning and rearing life stages of several anadromous salmonid species. 
Together, the two studies collected data on over 200 reaches on almost 90 streams. Both sought 
not only to understand the connections among watershed conditions, stream habitat 
characteristics, and aquatic biology, but also to identify strategies to protect and restore these 
resources.  

Stream Management Strategies Derived from Puget Sound Watershed Research  

Both Booth et al. (2001) and Horner,May and Livingston(2003) concluded their work with 
specific recommendations that supply strategies consistent with the Puget Sound Partnership’s 
Action Agenda and Results Chain strategies. Each study’s strategies were highly consistent with 
one another (see Appendix 4B) and provide the basis for the following key strategy: Manage 
stream watersheds using a data- and objective-based approach with appropriate, strategies for 
streams depending on their levels of ecological condition.  

Table B1 (Appendix 4B) assimilates the recommendations of the contributing studies into a 
catalogue of strategies set up to meet the intent of the Puget Sound Science Update and fit with 
the Results Chain memo’s structure. Major thrusts of the strategies are reducing the quantities of 
wet-weather discharges from urban lands and improving the quality of any remaining discharge. 
Successful implementation of such strategies reduces threats through keeping stream habitats 
intact, reducing the physical stresses of high flows on stream biota, and decreasing sediment 
transport resulting from eroded stream channels.  

Strategies for Stream Restoration 
Introduction  

Work to restore the physical habitat and biological communities of streams stretches back 
decades. This work and its results have been highly documented and the experiences interpreted 
to formulate extensive guidance on how to perform restoration. Despite this, failures to restore 
habitats, or even improve them over longer time scales have occurred frequently. Potential 
reasons for these shortcomings include: the extraordinary complexity of highly dynamic natural 
systems, the many driving forces operating in these systems not only internally but throughout 
the climatic and hydrological regimes influencing them, the relative magnitudes and 
unpredictability of variability in these driving forces and in the biotic and abiotic respondents to 
them all contribute to the challenges facing restoration efforts. Success in meeting restoration 
objectives is thus very unlikely if these factors are not appreciated, correctly analyzed, and 
managed through informed decision making throughout the development of restoration projects.  

This segment of Section 3 is concerned with the literature most helpful to understanding the 
interconnected nature of streams and their contributing watersheds, considerations related to 
variability, and the techniques available and what they can accomplish.  
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The prevailing trend in the past has been building in-stream rehabilitation projects to correct 
localized problems with the objective of improving habitat damaged by altered land use and land 
cover in the watershed. Isolated problems, such as an improperly sized or configured culvert, are 
relatively easily identified and corrected. Reversing the consequences of watershed changes, 
such as channel widening and incision, is a considerably greater challenge, if conditions that led 
to stream degradation remain unchecked. Nevertheless, many in-stream projects have been 
constructed in urban or urbanizing basins, attempting to reverse physical and biological 
degradation in a relatively straightforward and economical manner without addressing the more 
complex and expensive causes. These projects account for a large share of the failures. All of the 
references cited here make the point, in one way or another, that the success of any but the most 
localized in-stream rehabilitation projects is a function of watershed influences. There is no peer-
reviewed reference located in the search performed in preparing this chapter claiming otherwise.  

The Washington Department of Fish and Wildlife’s (WDFW) Stream Habitat Restoration 
Guidelines (Saldi-Caromile et al. 2004) observed that stream habitat degradation can be caused 
by: (1) direct physical modification of the stream corridor; (2) changes in channel boundary 
conditions upstream, downstream, or laterally; (3) physical constraints placed on natural channel 
adjustment; or (4) changes in watershed management or land uses. Of course, a combination of 
any or all of those causes might contribute. These categories also broadly delineate sets of 
techniques that can be brought to bear to rehabilitate habitat. The circumstances that led to 
ecosystem decline must be identified, followed by developing a set of realistic goals and 
objectives to reverse or mitigate the decline. Because of limited resources, it is often necessary to 
prioritize these goals and objectives to target the dominant factors that prevent the 
reestablishment of the intended ecological conditions (Saldi-Caromile et al. 2004).  

Nilsson et al. (2007) addressed the subject of realistic expectations in restoration efforts, stating 
that it is not self-evident that restoration should try to mimic attributes of previous ecosystems. 
They pointed out the issue that humans often have priorities contrary to achieving or approaching 
a pristine ecosystem state, and that human involvement is much more influential now than ever 
before. Also, the status of previous systems is difficult to establish for several reasons: (1) often, 
there are no suitable reference systems to mimic, (2) many catchment qualities have changed 
since the time period chosen for a historic reference system, (3) changes in climate and biota 
have been continuous in the past, (4) expected climate change is of uncertain magnitude, (5) non-
native species cannot be avoided, and (6) landscape context changes through time. To reduce the 
risk of mistakes, Hughes et al. (2005) recommended that restoration projects should moderate the 
ambition of identifying specific target states and instead formulate trajectories that accommodate 
some levels of both variability and unpredictability; i.e., function in an adaptive management 
framework.  

This discussion of stream restoration proceeds, first, to covering key works to guide the conduct 
of restoration projects, emphasizing those most pertinent to Puget Sound but also covering 
references of national and international scope. The section then turns to reports on the 
effectiveness and relative certainty of restoration. Following a passage on climate change 
implications to stream restoration, it sums up the lessons offered by the literature in relation to 
the strategies applicable to Puget Sound’s streams.  
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Stream Restoration Guiding Principles: Puget Sound  

Extended works on stream restoration tend to be of two types: emphasizing principles and case 
studies, or offering a practices handbook, guiding the selection and installation of materials and 
processes to be applied for various purposes. The major references mirror the broad reach and 
complexity of the subject, described above, and present strategies as diverse as the streams and 
their watersheds. Hence, exposition of detailed aspects of their coverage and highly specific 
strategy discussions are beyond the scope of this review. Instead, our review concentrates on the 
general features and areas of coverage from past studies and focuses how they can be used by 
Puget Sound practitioners.  

Guidance Emphasizing Principles and Case Studies  

Montgomery et al. (2003) supplies strong intellectual underpinning for assessing, planning, and 
designing restoration projects for Puget Sound’s streams. The volume provides a highly 
systematic and well grounded treatment of the subject by multiple authors, proceeding from 
geological and geomorphological controls on stream characteristics and dynamics; to aquatic 
biological aspects; onward to chapters addressing social constraints on action; and then to the 
application of concepts from fluvial geomorphology, civil engineering, riparian ecology, and 
aquatic ecology to restoration projects. While not comprehensive on structural tools, 
Montgomery et al. (2003) does have three chapters on various aspects of using wood, a key 
element of Puget Sound streams often missing or greatly reduced in degraded systems in the 
region. Rather, it concentrates more on the criteria that must be applied and why (e.g., the 
complete and prioritized design criteria for an actual project presented by Miller and Skidmore 
(2003). The book concludes by raising five large questions (Box 3) that the authors recommend 
be kept in mind to guide restoration, the answers to which they believe will determine the 
likelihood of success (Bolton, Booth, and Montgomery 2003). The reader is directed to locations 
within the text to find guidance in formulating answers:  

Box 3. Five large questions to guide restoration of rivers and streams in the Puget Sound 
(from Montgomery et al. 2003)  

1. What is the physical template upon which restoration will take place?  
2. Is the watershed urbanized, agricultural, or forested?  
3. Is the river being restored large or small?  
4. Is there a thorough watershed assessment that identifies historic and current habitat-

forming processes and fish distribution?  
5. Has a monitoring plan been developed in concert with the planned restoration action?  

Wissmar and Bisson (2003) provided another, more specialized reference of substantial potential 
use to Puget Sound-region stream efforts. Composed of 12 papers by mostly regional authors, 
this book’s concern is variability and uncertainty in applying stream restoration strategies. With 
effective restoration of aquatic habitat depending upon reestablishing watershed and stream 
processes to a range of variability that maintains dynamic equilibrium (Saldi-Caromile et al. 
2004), these considerations are obviously crucial to success, and are informed in theoretical and 
applied models by the papers collected by Wissmar and Bisson (2003).  
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Additionally, Darby and Sear (2008) took up the theme of Wissmar and Bisson in 14 more 
papers on the subject. Most papers include case studies from Europe and North America.  

Guidance Emphasizing Practices  

WDFW’s Stream Habitat Restoration Guidelines (Saldi-Caromile et al. 2004) begin with a 
chapter covering watershed processes and stream and floodplain processes and attributes. It lays 
out some important fundamentals in approaching stream restoration, which are paraphrased here:  

Box 4. Fundamentals in approaching stream restoration from Saldi-Caromile (2004)  

Channel and floodplain structure, and aquatic habitat, are created, maintained, and destroyed by 
the energy inherent in high flows. Complex patterns of the resulting sediment erosion and 
deposition underlie diverse, productive aquatic and riparian habitat. A stream reach in dynamic 
equilibrium has developed a geometry that balances the energy available for sediment transport 
with the supply of sediment being delivered to the reach. With this balance, individual channel 
and floodplain features are created and destroyed but overall channel characteristics such as 
sinuosity, gradient, width/depth relationships, and pool and riffle frequency are maintained. The 
stabilizing role of vegetation in channel development and maintenance cannot be 
overemphasized. Channel complexity, having a large effect on energy dissipation, exerts a major 
influence on erosion, sediment transport, and deposition, and hence on dynamic equilibrium.  
A stream reach undergoing simplification of overall channel characteristics falls into 
disequilibrium. If the disturbances are temporary, the stream will often recover its former 
characteristics. Chronic alterations to watershed and stream processes exceeding the natural 
range of variability of those processes will inevitably alter the stream habitat and ecosystem, 
eventually to a new, often simplified, equilibrium state. Effective restoration of aquatic habitat 
depends upon reestablishing watershed and stream processes to a range of variability that 
maintains a complex channel/floodplain system in dynamic equilibrium.  

The lesson for one who would restore a stream, then, is to understand the habitat requirements of 
the target biota, understand the tolerances of variability to maintain those habitat attributes, and 
create conditions remaining within those ranges of tolerance. Gaining this understanding implies 
a need to perform careful watershed, floodplain, and channel assessments as a prerequisite for 
restoration planning and design. Unfortunately, the WDFW’s assessment chapter remains in a 
draft, incomplete form. However, stream assessment protocols are numerous; Somerville and 
Pruitt (2004), contracted by USEPA, reviewed 45 protocols developed for national or regional 
application. They concluded that a protocol should have the followingcharacteristics:  

• Classification: Stream assessment should be preceded by classification to narrow the 
natural variability of physical stream variables.  

• Objectivity: The assessment procedure should remove as much observer bias as possible 
by providing well-defined procedures for objective measures of explicitly defined stream 
variables.  

• Quantitative methods: The assessment procedure should utilize quantitative measures of 
stream variables to the maximum extent practicable.  
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• Fluvial geomorphological emphasis: Stream assessments undertaken to prioritize 
watersheds or stream reaches for management or aid the design of stream enhancement or 
restoration projects should be based on fluvial geomorphic principles.  

• Data management: Data from stream assessments should be catalogued by designated 
entities in each region of the country.  

There has been no Puget Sound regional agreement on a full assessment protocol to support 
stream restoration. The advice of the USEPA-sponsored review should be taken to settle on the 
best instrument for the region’s purposes and insert it in the WDFW guidance.  

The WDFW manual (Saldi-Caromile et al. 2004) is much more complete in presenting 
restoration strategies compared to its coverage of assessment. It guides developing and 
prioritizing goals, objectives, and activities for habitat preservation, restoring habitat-forming 
processes and connectivity, and modifying and creating stream habitats. It then goes on to 
elaborate factors to consider when identifying and selecting ecosystem recovery alternatives. 
Specific approaches are given for restoring sediment supply, the flow regime, energy inputs, 
water quality, incised and aggrading channels, and salmonid spawning and rearing habitat. The 
final chapter, the appendices, and a separate series of white papers cover the many techniques, in 
15 categories, for achieving restoration goals and objectives. Presentation of each technique 
includes a description, potential positive and negative physical and biological effects, appropriate 
applications, risk and uncertainty, design guidance, permitting, construction considerations, costs, 
monitoring, maintenance, and examples. It also offers general cautionary and cogent advice 
relevant to any restoration undertaking.  

Allied with the WDFW Stream Habitat Restoration Guidelines (Saldi-Caromile et al. 2004) is 
The Integrated Streambank Protection Guidelines, also from WDFW (WDFW 2003a). These 
guidelines use a series of sequential or hierarchic matrices to aid in selection of practices 
applying to the specific restoration task of treating eroding stream banks.  

National and International Guidance  

The Natural Resources Conservation Service’s (NRCS, 2007a) Stream Restoration Design, 
National Engineering Handbook, Part 654 is a key reference on the national scale. The 
handbook is very comprehensive and detailed; but, as its authors regularly caution, the 
approaches and techniques are not necessarily appropriate in all circumstances. That caution 
should be particularly taken under consideration in working with Puget Sound’s unique salmonid 
streams.  

Table 2 summarizes the areas of coverage of major works published over the last 15 years 
devoted mainly to stream restoration principles and general strategies and case studies. All have 
multiple authorships. The Federal Interagency Stream Restoration Working Group (1998) 
manual includes coverage of stream assessment and specific techniques for in-stream application, 
although not in the detail of the NRCS handbook.  
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Effectiveness and Relative Certainty of Stream Restoration  
Assessment of In‐Stream Habitat Restoration Projects  

The tendency throughout most of the history of stream restoration has been to place structures 
intended to rehabilitate habitat. As a result, most effectiveness evaluations found in the literature 
concern these practices. Frissell (1997) compiled the results of seven studies of restoration 
project failures or unanticipated outcomes performed between 1956 and 1992. These projects 
involved placement of deflectors, check dams, gabions, and/or cover structures in western United 
States streams draining watersheds disturbed by grazing, mining, or logging without upland 
mitigation. Majorities of the emplaced structures were damaged or destroyed in every one of the 
six cases registering physical conditions within 1 to 18 years after installation. Two studies 
recorded biological (fish or frog) residence, which declined from pre-restoration in both cases. 
The author attributed the poor results on failure to appreciate the difference between “strategy,” 
by which he meant comprehensive, large-scale, long-term actions, and “tactics,” which he 
defined to be a localized, short-term approach.  

Brown (2000) examined 22 different types of in-stream restoration practices, involved in more 
than 450 total installations, classified in four categories: (1) bank protection, (2) grade control, (3) 
flow deflection or concentration, and (4) bank stabilization. He evaluated each in the field 
according to the visual criteria structural integrity, function, habitat enhancement, and vegetative 
stability. He found about 90 percent the practice types to be appropriate for use in the 
applications investigated, and that around the same proportion of the individual installations 
remained intact after an average of four years. Unintended scouring or sediment deposition 
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occurred in 20-30 percent of the cases, and less than 60 percent fully achieved habitat 
enhancement objectives. Most failures were associated with projects that attempted to create 
different channel plan-form geometry, generally a pre-disturbance channel morphology type 
superimposed on a stream in a disturbed watershed.  

Jacobsen et al. (2007) assessed 163 in-stream and riparian projects completed by the Western 
Oregon Stream Restoration Program on 285 km (178 miles) of stream during 2002-2004 to boost 
coho salmon and/or steelhead production. The majority of projects were large wood placements 
(116), followed by stream fencing (20), fish passage (15), riparian planting (seven) and boulder 
placement (two). The assessments documented physical changes expected to be beneficial to 
stream function and productivity of salmonids (there was no direct measurements of fish 
presence). Most surveys were conducted within one year following treatment. The restoration 
activities were effective at improving overall habitat complexity and ecological conditions, 
although a significant increase in quality of over-wintering habitat for juvenile coho salmon was 
not observed. Fish habitat models (Habitat Limiting Factors Model Version 7.0 and HabRate 
Version 2.0) did not demonstrate a large increase in habitat quality, apparently at least in part 
because the amount of off-channel and slow-water pool habitat did not increase significantly, 
although the treatments increased the complexity of pool habitat.  

Installation of large woody debris (LWD) or boulders has become one of the most common 
techniques to improve fish habitat and compensate for its simplification. LWD, defined4 as a 
loghaving a mid-point diameter of at least 10 cm, a length of 2 meters, and protruding into the 
bank-full channel (although sometimes with variations in those dimensions), is particularly 
important in Pacific Northwest streams. It provides roughness that regulates velocity, cover to 
fish, and aid in forming pools in which fish feed and rest (McMahon and Hartman 1989). LWD 
also influences bank stability, sediment retention, and channel grade (Montgomery et al. 1995, 
Beechie and Sibley 1997, Nelson 1999).  

Booth et al. (2001) investigated restoration efforts at six streams, determining the response of 
invertebrates to LWD placement. The six projects lay in physically similar watersheds but with 
widely different levels of human disturbance. No anchored LWD moved at any of the project 
reaches, and where over half of the unanchored logs were key pieces (individual logs with 
attached root wads) there was also no substantial LWD movement. In the projects with 
unanchored LWD and few or no key pieces, however, LWD movement was documented. Both 
types of LWD addition raised pool numbers, at least slightly, towards those of less disturbed 
streams; but post-project pool spacing was not correlated to LWD loading. Addition of LWD had 
little demonstrable effect on biological condition as measured by Benthic-Index of Biological 
Integrity (B-IBI). B-IBI did not increase either when sampling sites were located within or 
downstream of project boundaries. These results indicate that, although projects several hundreds 
of meters long improved an important measure of physical habitat (pool spacing) in a stream 
reach over a time scales of 2-10 years, they had little influence on the benthic invertebrate 
assemblage.  

The effectiveness reports cited thus far lack evaluation of restoration project success in 
increasing fish productivity. James (2007) attempted to make this connection for Washington 
State projects having the objective of salmonid population increases. He found that fish passage 
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projects increased adult coho salmon relative abundance and juvenile salmonid densities, but the 
increases were not statistically significant. In-stream habitat improvement projects significantly 
increased residual pool metrics, LWD volume, and water surface area. Multiple regression 
analyses showed relationships between habitat features and fish species distribution, but the 
author did not report on population changes of the target species before and after restoration 
projects. James’ (2007) major conclusion was that demonstration of biological outcomes requires 
monitoring involving more spatial and temporal replication and detailed data using a suite of 
metrics.  

Assessment of a Broad Range of Stream Restoration Techniques  

Roni et al. (2002) presented an influential paper that reviewed a wide range of stream restoration 
techniques and proposed a hierarchical strategy for prioritizing restoration in Pacific Northwest 
rural watersheds moderately modified by activities like logging and rangeland practices. They 
placed the techniques in six broad categories: (1) habitat reconnection (e.g., culvert 
improvements, off-channel connections), (2) road work (e.g., removal, improvement), (3) 
riparian vegetation restoration, (4) in-stream habitat restoration (e.g., wood and boulder 
placement), (5) nutrient enhancement, and (6) habitat creation (e.g., in-stream with wood and 
boulders, off-channel).  

In their review, Roni et al. (2002) found that reconnecting isolated off-channel habitats or 
blocked tributaries provides a quick biological response, is likely to last many decades, and has a 
high likelihood of success. They recommended that these types of restoration activities be 
undertaken before methods that produce less consistent results. Riparian restoration or road 
improvement may not produce results for many years or even decades. Roni et al. (2002) 
reviewed eight studies documenting LWD or boulder persistence in a functioning state. Two of 
these studies were also reviewed by Frissell (1997), but seven of the eight in the review of Roni 
et al. (2002) were more recent, from the 1990s. These authors found a higher rate of success by 
that point in time, with 85 percent of artificially placed wood remaining in place and contributing 
to habitat formation. They attributed the improvement to an increased emphasis on replicating 
natural architecture of wood in streams (creating natural jams or pinning logs between riparian 
trees), instead of employing artificial structures (e.g., weirs, deflectors), although they noted that 
the supporting studies were of short duration. The available evidence still suggests that most in-
stream structures persist for less than 20 years.  

Roni et al. (2002) cite 11 papers summarizing biological evaluations of 29 in-stream restoration 
projects for anadromous fish in the Pacific Northwest. Post-treatment juvenile abundance for at 
least one species or life stage increased significantly in 12 streams or was higher in treatment 
reaches than in control reaches. However, in only five of these studies (six streams) were 
populations monitored for more than 5 years.  

In summarizing their review of the literature on in-stream habitat restoration techniques, Roni et 
al. (2002) concluded that LWD projects are effective at creating juvenile coho salmon rearing 
habitat and increasing juvenile densities, but the response of other species is less clear. Although 
increased spawner densities have been reported in some studies, there are no thorough 
evaluations of the response of spawning adults to structure placement. Artificial structures such 
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as log weirs and deflectors appear to have moderate-to-high failure rates, and their benefits to 
fish may be temporary. Therefore, placement of LWD and other material in the stream channel 
should mimic natural processes by using and placing materials consistent in size, type, location, 
and orientation to that found in natural channels.  

Roni et al. (2002) presented a flow chart depicting a hierarchical strategy for prioritizing specific 
restoration activities. They advocated implementing first those techniques that have a high 
probability of success, low variability among projects, and relatively quick response time. As 
noted above, habitat reconnection was found to meet those criteria best. Riparian restoration and 
road improvement should be considered after reconnecting high quality, isolated habitats. In-
stream LWD and other structural placements should either be undertaken after or in conjunction 
with reconnection of isolated habitats and efforts to restore watershed processes. The authors 
noted that their framework may need modification for use in highly altered agricultural and 
urban watersheds, where some processes cannot be reliably restored or where water quality and 
hydrologic changes may compromise the effectiveness of many of the commonly employed 
restoration techniques.  

Roni et al. (2002) also note that, while they focused on restoration, it is important not to overlook 
the need to protect high-quality habitats. This protection should be given priority over habitat 
restoration, because it is far easier and more successful to maintain good habitat than to recreate 
or restore degraded habitat.  

The reports on in-stream structural projects to improve habitat discussed earlier do not strongly 
encourage optimism for effective restoration with much certainty. However, the work of Roni et 
al. (2002) gives a brighter picture, at least for restoring streams not affected by highly altered 
watershed conditions. The authors’ hierarchical strategy places the major categories of stream 
restoration activities in context and proper order. They sensibly recommend withholding the 
prevailing technique of in-stream structural placement at least until habitat reconnection is 
accomplished, and then implementing that technique by mimicking natural materials and 
processes. Their advice on giving priority to protection over restoration is particularly pertinent 
to streams in areas subject to urbanization, which they believe are at a considerable disadvantage 
for restoration compared to the mostly rural streams in their database.  

Further Quantification of Restoration Effectiveness and Relative Certainty  

Recently published work further develops the assessment of restoration effectiveness and relative 
certainty. Two studies (Palmer et al. 2010 and Miller et al. 2010) used statistical and numerical 
analysis techniques to examine broadly biological responses to restoration actions intended to 
recover habitat heterogeneity. A third contribution (Stewart-Koster et al. 2010) presented a 
quantitative decision-making tool to select among restoration alternatives in an environment 
subject to multiple driving forces.  

Palmer et al. (2010) evaluated studies that quantitatively examined the reach-scale response of 
invertebrate species richness to restoration actions that increased channel complexity and habitat 
heterogeneity. Adopting these objectives to regain biodiversity has become a dominant paradigm 
in ecological restoration. This paradigm is reflected in stream restoration projects through the 



April 2011 Puget Sound Science Update  Page 561  Puget Sound Partnership 

common practice of re-configuring channels to add meanders and adding physical structures 
such as boulders and artificial riffles. They also evaluated studies that used manipulative or 
correlative approaches to test for a relationship between physical heterogeneity and invertebrate 
diversity in streams that were not in need of restoration.They also used habitat and 
macroinvertebrate taxa richness data from 78 independent stream restoration projects described 
by 18 different author groups. Most projects were successful in enhancing physical habitat 
heterogeneity; however, only two showed statistically significant increases in biodiversity 
rendering them more similar to reference reaches or sites. Studies manipulating structural 
complexity in otherwise healthy streams were generally small in scale, and less than half showed 
a significant positive relationship with invertebrate diversity. Only one-third of the studies that 
attempted to correlate biodiversity to existing levels of in-stream heterogeneity found a positive 
relationship. Across all the studies evaluated, there is no evidence that habitat heterogeneity was 
the primary factor controlling stream invertebrate diversity, particularly in a restoration context. 
The findings indicate that physical heterogeneity should not be the driving force in selecting 
restoration approaches for most degraded waterways (Palmer et al. 2010). Evidence suggests that 
much more must be done to restore streams impacted by multiple stressors than simply re-
configuring channels and enhancing structural complexity with meanders, boulders, wood, or 
other structures (Palmer et al. 2010).  

Palmer et al. (2010) concluded by observing that, as integrators of all activities on the land, 
streams are sensitive to a host of stressors, including, depending on the watershed, impacts from 
urbanization, agriculture, deforestation, invasive species, flow regulation, water extractions, and 
mining. The impacts of these factors individually or in combination typically lead to a decrease 
in biodiversity because of reduced water quality, biologically unsuitable flow regimes, dispersal 
barriers, altered inputs of organic matter or sunlight, degraded habitat, etc. Despite the 
complexity of these stressors, a large number of stream restoration projects focus primarily on 
physical channel characteristics. They asserted that this practice is not a wise investment if 
ecological recovery is the goal and that managers should critically diagnose the stressors 
impacting an impaired stream and invest resources first in repairing those problems most likely 
to limit restoration (Palmer et al. 2010). It might be added to the authors’ conclusions that if 
correcting such problems would require more resources than available, then protection or 
restoration activities should be pursued elsewhere, where the resources that can be marshaled can 
make a positive impact with more certainty.  

Miller et al. (2010) employed meta-analysis to examine the relationship between restoring 
physical habitat heterogene¬ity and macroinvertebrate response in terms of diversity and density. 
Meta-analysis compares results among studies through computation of a common-size effect, 
scaled by unit variance and weighted by sample size. They analyzed monitoring results from 12 
replicated and 14 un-replicated projects, the majority intended to reverse or mitigate the effects 
of stream channelization. The researchers determined that increasing habitat heterogeneity had 
significant, positive effects on macroinvertebrate richness. Macroinvertebrate density also 
increased, although not statistically significantly (Miller et al. 2010). Large woody debris 
additions produced the largest and most consistent responses, whereas responses to boulder 
additions and channel reconfigurations were positive, yet highly vari¬able. For example, in the 
replicated studies richness and density increases were, respectively, 83 and 75 percent greater on 
average for LWD compared to boulder additions. Among all strategies, the strength and 
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consistency of macroinvertebrate responses were related to land use orwatershed-scale 
conditions, but appeared independent of project size, stream size, or recovery time.  

Stewart-Koster et al. (2010) proposed and demonstrated a solution to the problem of making 
restoration decisions in the face of multiple system alterations and stressors (e.g., changes in 
flows, catchment and riparian land-use, habitat degradation, modification of stream energy 
regimes). Their solution predicts not only the effectiveness of alternative actions but also the 
relative certainty associated with them. They employed Bayesian networks as a decision support 
tool for considering the influence of multiple factors on aquatic ecosystems and the relative 
benefits and costs of various restoration options.  

A Bayesian network is a probabilistic graphical model representing a set of factors of a system 
(nodes) as random variables and their conditional dependencies. The dependencies are depicted 
as directed links connecting a “parent node” to a “child node.” The network is quantified by 
populating conditional probability tables associated with the nodes in the network. The table 
entries can be specified by experts or derived from data. Efficient algorithms exist to draw 
inferences and perform decision analysis in Bayesian networks. Stewart-Koster et al. (2010) also 
modified the Bayesian networks to incorporate the relative costs and benefits of potential 
management actions. Such models are known as Bayesian decision networks and are used 
interactively to identify the most appropriate decision (here, restoration action) given estimated 
costs and benefits. A key advantage of Bayesian techniques is that they can easily be operated to 
give the relative certainty of the predictions.  

Reconnecting Habitat by Removing Blockages to Fish Passage  

Roni et al. (2002), with some subsequent support by James (2007), established that habitat 
reconnection projects in general, and fish passage improvement works in particular, are the most 
effective and certain restoration strategies to improve fish production. Roni et al.(2002) 
recommended them for first priority among the suite of strategies. Because of their primacy, this 
segment of the chapter gives brief attention to some specifics of their implementation.  

Roni et al. (2002) observed that, among the alternatives for removing blockages, bridges 
generally allow the free passage of materials and formation of a natural stream channel but are 
costly. Open-bottom culverts or embedded (e.g., countersunk) pipe-arch culverts allow a natural 
substrate to form within the channel and are effective at passing both juvenile and adult 
salmonids (citing Furniss et al. 1991 and Clay 1995). However, such culverts can constrain the 
stream channel, if the culvert size does not account for large flows or the volume of sediment and 
wood transported by the stream (citing Robison 1999). Other design options include 
backwatering culverts at the outlet or inlet and placing baffles within the culvert to reduce flow 
velocity.  

Roni et al. (2002) gave a useful summary of various stream crossing structures and whether or 
not they allow for juvenile and adult salmonids fish passage and the transport of sediment and 
LWD or impact stream morphology by constraining the channel (Table 3). The advantage of 
bridges shows clearly in the table. Otherwise, the bottomless pipe arch and squash pipe or 
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countersunk culvert types supply the most passage benefits, although they still constrain the 
channel.  

 

The references cited below can be used by qualified scientific and technical personnel to work 
through an entire fish passage project development, from collecting the needed data, to analyzing 
and selecting among options, through design, and on to construction and long-term maintenance.  

Clay (1995) reviewed fish passage and the techniques to effectuate it under a broad range of 
circumstances, including at road crossings. He provides an initial primer on culvert designs and 
methods for retrofitting impassible culverts, although not in sufficient detail for design.  

WDFW’s Design of Road Culverts for Fish Passage (WDFW 2003b)serves as guide for 
designing permanent road-crossing culverts to facilitate upstream fish migration (the manual 
does not explicitly cover downstream migration). It provides guidance for projects involving new 
culvert construction as well as retrofitting or replacing existing culverts, laying out the 
consecutive design steps most likely to be required in a culvert project. The guide emphasizes, as 
a first step, determining if a culvert is a suitable solution for providing fish passage at the 
particular site in question. Wherever a roadway crosses a stream, it creates some level of risk to 
fish passage, water quality or specific aquatic or riparian habitats. Any and all alternatives should 
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be investigated to minimize the number of sites where a roadway crosses a stream, including 
designing road alignments to avoid crossings and consolidating crossings, with bridges preferred 
where crossings must occur.  

The WDFW handbook (WDFW 2003b) recognizes three design options: (1) No-Slope Design 
Option, (2) Hydraulic Design Option, and (3) Stream-Simulation Design Option. The No-Slope 
Design Option results in reasonably sized culverts without requiring much calculation. The 
Hydraulic Design Option requires hydrologic and open-channel hydraulic calculations, but it 
usually results in smaller culverts being required than the No-Slope Design Option (smaller 
culverts may trap more debris, however, and a factor of safety must be applied). The Hydraulic 
Design Option is based on velocity, depth and maximum turbulence requirements for a target 
fish species and age classes. The Stream-Simulation Design Option involves constructing an 
artificial stream channel inside the culvert, thereby providing passage for any fish that would be 
migrating through the reach. It is difficult in most situations, if not impossible, to comply with 
velocity criteria for juvenile fish passage using the Hydraulic Design Option. The No-Slope and 
Stream-Simulation Design options, on the other hand, are assumed to be satisfactory for adult 
and juvenile passage; thus, they tend to be used more frequently at sites where juvenile fish 
passage is required. Application of the No-Slope Design Option was determined to be most 
effective for relatively short culverts at low-gradient sites (WDFW 2003b)  

Frei (2006) produced a university thesis that became Federal Highway Administration Hydraulic 
Engineering Circular (HEC) – 26, a design reference for the classification, design, and 
installation or retrofit of a stream crossing (culvert or bridge) ensuring fishpassage. The 
document assumes no particular set of passage criteria; rather, it compiled design options 
endorsed in different geographic regions to allow the user to select the most appropriate design 
method for their situation. A collection of design examples and case histories illustrates the 
design methodology selection. The manual follows a logical progression to guide the reader 
through the assessment and design process. Culvert and bridge analysis, design, and retrofit 
techniques are then described, followed by case histories and design examples. Specific 
requirements of the fish species in question and the hydrologic and geomorphologic 
circumstances demand that the design for fish passage be considered on a site-by-site basis, all 
but eliminating the possibility of a “cookie-cutter” design approach. The author noted the diverse 
expertise needed for a stream crossing effective for fish passage, generally including stream 
ecology; fish biology; hydrology; and hydraulic, structural, and geotechnical engineering (Frei 
2006).  

The Federal Highway Administration (FHWA, 2007) issued a synthesis report covering design 
for fish passage at stream crossings. Extending from HEC – 26, it places culvert design 
techniques into four categories based on design premise and objectives: (1) No-Impedance 
techniques, which span the entire stream channel and floodplain; (2) Geomorphic-Simulation 
techniques, which create fish passage by matching natural channel conditions within the culvert 
crossing; (3) Hydraulic-Simulation techniques, which attempt to resemble hydraulic diversity 
found in natural channels through the use of natural and oversized substrate; and (4) Hydraulic-
Design techniques, which may utilize roughness elements such as baffles and weirs to meet 
species-specific fish passage criteria. Preliminary chapters covering the topics of fish biology 
and capabilities, culverts as barriers, fish passage hydrology, and design considerations aid in the 
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selection of appropriate design techniques based on hydraulic, biological, and geomorphic 
considerations. A further section presents examples of design techniques fitting the defined 
design categories. Design examples and case histories for a selection of design techniques are 
presented next, and are followed by a discussion on construction, maintenance, monitoring, and 
future research needs. The FHWA synthesis (FHWA 2007) provides comprehensive, highly 
quantitative guidance and amply represents Washington State methods and examples.  

Climate Change and Stream Restoration  

The Climate Impacts Group (CIG 2009) used Intergovernmental Panel on Climate Change 
(IPCC) data predicting Pacific Northwest average temperature and precipitation increases 
(covered in Chapter 3 of the Puget Sound Science Update) to forecast effects on Washington 
State hydrology and water resources (CIG 2009). Projections show seasonal river flow timing 
shifting substantially in snowmelt-dominated and rain-snow mixed watersheds. Although 
anticipated overall increases are relatively small, a shift is expected to more precipitation in the 
cooler, wetter season and less in the warmer, drier season. This shift translates to proportionately 
greater runoff increases, because of the higher efficiency of cool-season precipitation in 
producing runoff, a phenomenon associated with the lower available soil moisture storage 
capacity and vegetative demand for water in the cooler season.  

The CIG (2009) runoff predictions were applied to estimate stream flow for four snow-rain 
mixed Puget Sound rivers (the Cedar, Sultan, Tolt, and Green rivers). Stream flow is a quantity 
related to but differing from runoff, because of the time-lag effect associated with the intervening 
hydrologic processes. Modeling showed a consistent shift in the hydrographs of all four basins 
toward higher cool-season and lower warm-season discharges (CIG 2009)  

The aforementioned temperature and hydrologic predictions were applied to evaluate the 
sensitivity of Pacific salmon (Oncorhynchus spp.) (Mantua et al. 2009). It is expected that the 
combined effects of warming stream temperatures and altered flows will reduce the reproductive 
success of many salmon populations, but vary according to life histories and watershed 
characteristics. Populations with extended freshwater rearing periods (steelhead [Oncorhynchus 
mykiss], coho [Oncorhynchus kisutch], sockeye [Oncorhynchus nerka], and summer Chinook 
[Oncorhynchus tshawytscha]) were forecast to experience large increases in summer-time 
thermal and hydrologic stresses (Mantua et al. 2009). Other populations with brief freshwater 
rearing periods were projected to exhibit the greatest productivity declines in snow-rain mixed 
rivers, where anticipated increased winter flood magnitudes and frequencies will reduce egg-to-
fry survival rates. Summer chum salmon (Oncorhynchus keta) are especially vulnerable because 
of their reliance on small, shallow streams in the late summer and early fall (Mantua et al. 2009). 
The Lake Washington Ship Canal is already thermally impaired and inhibiting to certain adult 
and juvenile salmon migrations, a condition expected to be aggravated in the future.  

Mantua et al. (2009) note that many of the hydrologic processes highly sensitive to climate 
change are also known to be similarly sensitive to land and water use impacts. They went on to 
recommend as strategies to mitigate stream temperature increases:  

1. Reducing water withdrawals in warm, low-flow periods  
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2. Restoring floodplain functions that recharge aquifers  
3. Protecting and restoring thermal refugia provided by groundwater and tributary inflows, 

undercut banks, and deep pools  
4. Restoring riparian shade  
5. Protecting and enhancing summer in-stream flows (e.g., by strategic reservoir releases)  

Their recommended strategies to reduce risks to salmon by elevated fall and winter flows 
included:  

1. Protection and restoration of off-channel habitat in floodplains as refugia  
2. Limiting expansion of effective impervious area  
3. Retaining watershed forest cover  
4. Operating reservoirs to reduce flooding.  

Ormerod (2009) put forth similar recommendations in considering river management on the 
world-wide scale in the climate-change era, emphasizing increasing landscape-scale connectivity, 
reducing population vulnerability to other negative effects, and strengthening protected-area 
networks.  

Battin et al. (2007), preceding the work by CIG (2009), used a series of linked models of climate, 
land cover, hydrology, and salmon population dynamics to investigate the impacts of climate 
change on the effectiveness of proposed habitat restoration efforts designed to recover depleted 
Chinook salmon populations in the Snohomish River basin. Their results were in accord with the 
subsequent work in predicting thermal impacts and hydrologic shifts negatively affecting salmon 
spawning and incubation, a large negative impact on freshwater salmon habitat, and the 
particular vulnerability of snow-rain mixed rivers. With the most pronounced effects expected to 
occur in high-elevation streams with a generally high level of protection through federal 
ownership and little restoration potential, restoration efforts will be mounted at lower elevations. 
The authors expect that the combination of extensive impacts high in watersheds and restoration 
concentrated at lower altitudes will cause a spatial shift in salmon abundance (Battin et al. 2007).  

Battin et al. (2007) also used their suite of models to examine the interaction between climate 
andrestoration effects for three future (i.e., 2025) land-use scenarios: a scenario representing no 
change from “current” (2001) conditions, one based on a linear future projection of current land-
use change and population trends that includes the completion of current restoration projects but 
no further restoration (“moderate restoration”), and a scenario in which all restoration targets in 
the restoration plan are met (“full restoration”). The moderate restoration scenario resulted in 
slightly higher minimum spawning flows and incubation peak flows but lower pre-spawning 
temperatures than the current scenario. The full restoration scenario resulted in somewhat lower 
incubation peak flows, with little change in pre-spawning temperatures. Spawning flows 
decreased slightly under the full restoration scenario because of greater evapotranspiration from 
the increased forest cover. The authors concluded that although expected climate impacts cannot 
be mitigated entirely, habitat restoration can play an important role in offsetting those effects.  

Palmer et al. (2009) wrote that the anticipation of climate change impacts requires a proactive 
management response if valuable river assets are to be protected. Furthermore, a proactive 
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response requires sound monitoring and predicting capabilities at the scales that management 
actions can be applied, which, they believe, is almost always at the local watershedscale (Palmer 
et al. 2009). They recommend such an approach because of evidence that factors such as 
urbanization will interact with climate change in ways that are likely to determine the impacts to 
aquatic biota (Nelson et al. 2009). Increased efforts at both protection and restoration are major 
components of the program they recommend. In lower-elevation areas, they contend that 
increasing protection of and restoring floodplains and riparian corridors will not only provide 
protection for river ecosystems but also will reduce the impacts of both floods and droughts on 
humans. Giving more watersheds protected status, particularly those at higher elevations 
expected to experience the most dramatic climate changes, can thus provide refuge habitat for 
species under multiple threats (Palmer et al. 2009).  

Synthesis of Stream Restoration Strategies 

In-stream restoration strategies summarized here directly address multiple threats to Puget 
Sound’s tributary streams, including restriction of anadromous fish passage, salmon spawning 
and rearing habitat degradation, and stream food web disruption. To the extent that watershed 
restoration accompanies in-stream rehabilitation, strategies address the additional threats of 
stream channel modification; acute and chronic toxicity effects on aquatic organisms from metal 
and organic pollutants; and increased pollutant loadings to all downstream waters, including 
Puget Sound.  

The strategies are drawn from the literature reviewed above and are framed in a process of 
assessment of problems and conditions, development of restoration concepts, and design of 
restoration elements. In general, problems fit into the categories of physical modification of the 
stream corridor, changes in channel boundary conditions, physical constraints on channel 
adjustment, watershed changes in management, or a combination (see Saldi-Caromile et al. 
2004). Montgomery et al. (2003) can be consulted to guide assessment of the type and extent of 
problems, and then to move toward concept development. The forecasts of the Climate Impacts 
Group (2009) and future work by that group can inform future assessment and concept 
development.  

The literature exhibited a strong consensus that, before restoration proceeds, consideration be 
given to protecting well functioning streams and their habitats as well as necessary actions in the 
contributing watershed to achieve restoration goals and objectives. A corollary is that if these 
actions are infeasible for any reason and cannot be performed, that goals and objectives be 
adjusted to what is attainable without mitigation of watershed-based problems.  

A key component of overall watershed restoration is rehabilitation of the riparian zone, which as 
shown by the research reported above, must be relatively wide, continuous, and covered by 
mature vegetation to advance effective restoration of the adjacent stream. Once possible in-
stream options are identified, the hierarchical strategy of Roni et al. (2002) is a mechanism to 
prioritize among them in relation to assessment results. That strategy emphasizes habitat 
reconnection as generally the most effective and certain of in-stream strategies, where prior 
disconnection is among the problems. The strategy then guides a user through consideration of 
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riparian restoration and road improvements, with in-stream structural placements to follow or 
occur simultaneously with any of the other actions, as appropriate.  

In complex cases involving multiple stressors, including climate change, the Bayesian approach 
of Stewart-Kloster et al. (2009) holds promise as a means of objectively assessing effectiveness 
and relative certainty of alternative actions. Papers in Wissmar and Bisson (2003) and Darby and 
Sear (2008) can also assist in grappling with variability and uncertainty.  

Key Strategy: Synthesis of guiding principles for stream restoration  

• Protect well functioning streams and their habitats, where they exist.  
• Consider which actions are necessary in the contributing watershed to achieve restoration 

goals and objectives.  
• Identify in-stream restoration options and apply the hierarchical strategy of Roni et al. 

(2002) to prioritize among them. That strategy emphasizes habitat reconnection as 
generally the most effective and certain of in-stream strategies, where prior disconnection 
is among the problems. The strategy then guides a user through consideration of riparian 
restoration and road improvements, with in-stream structural placements to follow or 
occur simultaneously with any of the other actions, as appropriate.  

Strategies for Wetlands Management 
Introduction  

Over the past half century it has been recognized that wetlands, once thought to be nuisances, 
perform functions beneficial to the broader environment and its inhabitants, including humans. 
Functions are defined as the physical, biological, chemical, and geologic interactions among 
different components of the environment that occur within a wetland. There are many valuable 
functions that wetlands perform but they can be grouped into three broad categories: functions 
that improve water quality, functions that change the water regime in a watershed, and functions 
that provide habitat for plants and animals (Box 5)(Sheldon et al. 2005).  

Box 5. Examples of wetland ecological functions (from Sheldon et al. 2005)  

• Capture pollutants that would otherwise travel farther;  
• Store flood waters;  
• Recharge groundwater in some cases and provide a passageway for groundwater to 

supplement surface flows in others;  
• Produce food through plant photosynthesis that is often exported to nourish downstream 

waters; and  
• Provide breeding grounds, feeding sites, and sometimes permanent homes for 

invertebrates, amphibians, birds, and mammals.  

A great deal of work has been devoted to methods to establish the type and extent of the 
functions performed by wetlands. This work culminated in the development of the 
Hydrogeomorphic Method (HGM, Brinson 1993), which classifies a wetland based on its 
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landscape setting, water source, and internal water dynamics. HGM was adapted for regional 
application by the Washington State Wetlands Function Assessment Project5  

As a consequence of their functions, threats to wetlands become threats not only to their internal 
ecosystems but also to waters and even terrestrial environments associated with them throughout 
the Puget Sound ecosystem. Therefore, protection and restoration of wetlands very broadly 
counters threats associated with their many functions (see Box 5). In turn, strategies to protect 
and restore wetlands support an array of broader strategies, essentially all of those discussed 
earlier in this chapter because of the intimate association of wetlands with streams. Protecting or 
recovering specific functions, at particular levels, is the natural basis for setting wetland 
restoration objectives.  

While it is obvious that creating something new is generally a harder task than improving 
something already at least partially functioning, success in protecting, restoring, and creating 
wetlands depends on the principles put forth by Sheldon et al. (2005): the system must have the 
structural elements needed to support the intended functions. These elements are the general 
climate, the geomorphology (topography, landforms, soils, and geology), the source of water, 
and the movement of water. These factors affect wetland functions directly or through a series of 
secondary factors, including nutrients, salts, toxic contaminants, temperature, and the 
connections created between different patches of habitat (Sheldon et al. 2005).  

Here we employ the general term “wetlands management” to refer to protection, restoration, and 
creation of wetlands, when the subject pertains to all of those facets. This selection of 
terminology is because of the overlapping nature of many considerations for success in any of 
these areas and a desire to avoid repetition of the three in many places.  

Wetlands science and management are very well developed in Washington State. The 
Washington Department of Ecology (WDOE) has had an active wetlands program for many 
years. WDOE, with other partners, has supported extensive research to advance the science on 
specific questions and inform its management and regulatory efforts. The program has 
assimilated the results of this regional research, as well as findings from the broader literature, to 
report on virtually every aspect of wetlands science and management pertinent to this valuable 
Puget Sound resource. WDOE went on to develop guidance for its own and local government 
staff and private parties regarding the protection and restoration of wetlands and mitigation of 
their losses. The resulting documents total many hundreds of pages rich in information. More 
important than their length is their rooting in “best available science.” Recapping this record is 
beyond the scope of this review and, moreover, is unnecessary given its effective reporting in the 
source documents. Accordingly, the review is confined to drawing out strategies related to the 
PSP Action Agenda and Results Chain memorandum and pointing out supporting material in 
these documents.  

A major study performed under WDOE and other sponsorship was the Puget Sound Wetlands 
and Stormwater Management Research Program. This work spanned 11 years and produced 
numerous papers and a book recounting the entire process and its results, conclusions, and 
recommendations (Azous and Horner 2001). It was designed similar to the stream research 
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covered extensively earlier, in that physical, chemical, and biological variables were measured in 
wetlands subject to a broad range of watershed urban development.  

Wetlands Management Guidance  

Two principal documents published by the Washington Department of Ecology provide 
background and guide protection and restoration of Puget Sound’s wetlands (Sheldon et al. 2005, 
Granger et al. 2005). First, Sheldon et al. (2005) describe the state’s wetlands and how they 
function. The authors elucidate how human activities disturb wetlands and the resulting negative 
impacts on their functioning. They then turn to the science behind wetlands management, 
including mitigation, and the effectiveness of the available tools. The management section 
emphasizes wetland buffers, relatively undisturbed surround lands offering important protective 
benefits. They also examine cumulative impacts and recommended responses to counter them. 
Second, Granger et al. (2005) lay out a framework for managing wetlands using best available 
science. They emphasize that the first step is analyzing wetlands in a landscape context, which 
they frame as a series of questions with guidance to obtaining the needed answers (Granger et al. 
2005). Individual chapters cover regulatory and non-regulatory solutions to reduce and risks 
from human activities. They conclude by discussing implementation, monitoring, and adaptive 
management (Granger et al. 2005).  

For mitigating wetlands losses, two additional, more specialized documents are available from 
WDOE: “Wetland Mitigation in Washington State, Part 1: Agency Policies and Guidance” 
(WDOE 2006a) and “Wetland Mitigation in Washington State, Part 2: Developing Mitigation 
Plans” (WDOE 2006b). Part 1 explains the regulatory requirements, and Part 2 provides a more 
qualitative and descriptive basis for developing mitigation plans. Designed for use by qualified 
and experienced technical experts, the two-part series is topically comprehensive to bring in the 
full range of considerations that must be considered to produce effective mitigation for losses of 
wetland area and functions including mechanisms like mitigation banking and in lieu payments 
to compensate for losses. More general information is contained within Wetlands by Mitsch and 
Gosselink (2007) and its companion volume, Wetland Ecosystems by Mitsch et al. (2009).  

Effectiveness and Relative Certainty of Wetlands Management Efforts  

Research Basis for Effectiveness and Certainty Assessment  

The Puget Sound Wetlands and Stormwater Management Research Program has performed 
research with the goal of deriving strategies that protect wetland resources in urban and 
urbanizing areas, while also benefiting the management of urban stormwater runoff that can 
affect those resources (Chin 1996, Horner et al. 1997, Reinelt et al. 1998, Azous and Horner 
2001). The research consisted of long-term comparisons of wetland ecosystem characteristics 
before and after their watersheds wereurbanized, and between a set of wetlands that became 
affected by urbanization (treatment sites) and a set whose watersheds did not change (control 
sites). This work was supplemented by shorter term and more intensive studies of pollutant 
transport and fate in wetlands and several laboratory experiments. These research efforts were 
aimed at defining the types of impacts that urbanization can cause and the degree to which they 
develop under different conditions, in order to identify means of avoiding or minimizing impacts 
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that impair wetland structure and functioning. The program's scope embraced both situations 
where urban drainage incidentally affects wetlands in its path, as well as those in which direct 
stormwater management actions change wetlands' hydrology, water quality or both.  

A major finding of the Puget Sound Wetlands and Stormwater Management Research Program 
was a decline in the biotic diversity of wetlands associated with increase in water level 
fluctuations (WLF) and increasing total impervious area (TIA) within the contributing basins 
(Chin 1996, Horner et al. 1997, Reinelt et al. 1998, Azous and Horner 2001) (see Appendix 4C 
for supporting material).  

Horner et al. (1997) found that an increase of mean annual WLF above 20 cm and a near 
certainty with TIA > 21 percent resulted in significant decreases in wetland biodiversity (Horner 
et al. 1997). WLF above 22cm was also negatively correlated with vegetation species richness in 
emergent vegetation and scrub-scrub wetland habitats. Species richness for both wetland plants 
and amphibians in wetlands exhibited the same trends as invertebrates and fish in streams with 
respect to watershed urbanization such that higher levels of wetland health were observed only in 
watersheds with less urbanization but allow-urbanization sites did not necessarily have healthy 
wetlands; on the other hand, a lower levels of biological integrity were consistently observed at 
high levels of urbanization (Horner et al. 1997).  

Wetland “hydroperiod” comprises not only the extent but also the frequency and duration of 
water level fluctuations. In wetlands studied before and after urbanization increased, the 
frequency and duration of excursions (deviations from) a certain level above or below the pre-
existing mean water level were also associated with biodiversity decline (Azous and Horner 
2001). Marked plant species richness decrease was seen whenmore than six excursions per year 
were > 15 cm above or below the pre-existing level, and with any excursion of that magnitude 
lasting more than 72 hours. Those conditions occurred in the majority of cases when mean 
annual WLF rose above 24 cm and 20 cm, respectively. Fewer plant species were also recorded 
if the summer dry period increased or decreased by more than two weeks from the pre-existing 
length. For amphibians, decrease in species numbers occurred with excursions of > 8 cm for 
more than 24 hours in any 30 day period in the breeding season (February 1 to May 31) (Azous 
and Horner 2001).  

Other research efforts have found wetland hydrology and hydrodynamics to be functions not 
only of characteristics of the contributing watershed but also of three aspects of the wetland 
geomorphology: (1) hydrodynamic type (open water or flow through), (2) outlet constriction 
(high, moderate, or low), and (3) wetland-to-watershed area ratio (Reinelt et al. 2001, Reinelt 
and Taylor 2001). Wetlands were classified as the open-water type if substantial pools without 
emergent vegetation were present, channelization was largely absent, and water velocities were 
predominantly low (< 5 cm/s). High outlet constriction was characterized by having an 
undersized culvert or confining beaver dam or by being a completely closed depression. Low 
constriction was marked by free discharge as sheet flow, over a broad bulkhead, or via an 
oversized culvert. Wetlands small in area compared to their watersheds (comprising < 5 percent 
of total area) tend to be dominated by surface inflows, whereas groundwater influence assumes 
greater importance with relative enlargement of the wetland. Outlet constriction was found to the 
most important geomorphic variable in controlling WLF (Reinlet and Taylor 2001).  
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Another major result of the Puget Sound Wetlands and Stormwater Management Research 
Program was cataloging the maximum, median, and minimum water levels at which nearly 100 
vegetation species were found (Cooke and Azous 2001; for details see Appendix 4C, Table C1). 
While many species occurred over a wide hydrologic range, others were only observed within a 
narrow range.  

Wetland management guidelines were formulated from these and other results of the Puget 
Sound Wetlands and Stormwater Management Research Program (Horner et al. 2001) and were 
adopted into the Washington Department of Ecology’s Stormwater Management Manual for 
Western Washington (WDOE 2005). Wetland protection efforts, as well as attempts to restore 
wetlands or create new ones, can be designed with the use of this information; and their 
prospective effectiveness and its relative certainty can be judged accordingly. Another important 
feature of the guidelines was advice on protecting wetlands from adverse impacts resulting from 
altering the quantity or quality of entering water (WDOE 2005).  

Reported Wetland Mitigation Effectiveness  

The Washington State Wetland Mitigation Evaluation Study (Johnson et al. 2000, Johnson et al. 
2002) was developed in two phases to evaluate the success of projects intended to compensate 
(mitigate) for wetlands lost to development activities in the state of Washington. In the first 
phase of the study Johnson et al. (2000) examined the compliance of 45 randomly selected 
projects with their permit requirements. Permit compliance for each of the 45 compensatory 
wetland mitigation projects was evaluated relative to three questions: 1) Was the compensatory 
mitigation project implemented, 2) Was it implemented according to plan. and 3) Was it meeting 
its performance standards. They found that overall, 29 percent of projects were in full 
compliance with all three criteria (Johnson et al. 2000). Forty-two projects (93 percent) were 
implemented, and of those, 55 percent were implemented according to plan. However, only 35 
percent were meeting all performance standards (Johnson et al. 2000).  

In the second phase of the study, Johnson et al. (2002) examined the ecological functions of a 
subset of 24 projects. The ecological success of mitigation projects was evaluated based on two 
factors, each with its own criteria: First, achievement of ecologically relevant measures 
(establishing the required wetland area, attaining ecologically significant performance standards, 
and fulfilling goals and/or objectives); and second, adequate compensation for the loss of 
wetlands (contribution of the mitigation activity to the potential performance of functions, 
comparison of the type and scale of functions provided by the mitigation projectwith the type 
and scale of lost wetland functions). They found that based on these criteria, only 13 percent of 
the projects were judged to be fully successful, 33 percent were moderately successful, 33 
percent were minimally successful, and 21 percent were unsuccessful. Created wetlands were 
found to be more successful thanprevious studies had shown, with 60 percent at least 
moderatelysuccessful and only one project unsuccessful. In contrast, no enhancement projects 
were fully successful, while eight out of nine (89 percent) enhanced wetlands were minimally 
successful or unsuccessful. For wetland restoration and creation projects together only 65 percent 
ofthe total acreage of wetlands lost was replaced (Johnson et al. 2002).  
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The NRC committee on compensating for national wetlands losses reported that from 1993 to 
2000 approximately 24,000 acres of wetlands were permitted for filling, and around 42,000 acres 
of compensation was specified (NRC 2001). However, because of lack of recorded data, the 
committee was unable to establish the original wetland functions lost or even how much of the 
specified area was actually restored or created. Nevertheless, their investigations produced a 
number recommendations that if adopted would likely improve mitigation success. Key scientific 
recommendations relative to wetland functioning, in summary form are listed in Box 6.  

Box 6. Recommendations for improving mitigation success from NRC (2001)  

• Wetland conservation and mitigation should be pursued on a watershed scale.  
• Biological dynamics should be evaluated in terms of population present in reference 

wetlands for the region and the ecological requirements of those species.  
• Hydrologic functioning should be incorporated into mitigation design and should also be 

based on comparison to reference sites.  
• Provide appropriate, heterogeneous topography.  
• When establishing vegetation, pay particular attention to planting elevation, depth, 

seasonal timing, and soil.  
• Mitigation goals must be clear, and those goals should be carefully specified in terms of 

measurable performance standards.  
• Third-party compensation approaches (e.g., mitigation banks, in lieu fee programs) offer 

some advantages over permittee-responsible mitigation and should be further evaluated 
according to a taxonomy developed by the committee.  

Climate Change Implications for Wetlands 

The anticipated results of climate change covered earlier with reference to streams also have 
implications for wetlands. The expected shift to more precipitation in the cooler, wetter season 
and less in the warmer, drier season was projected to produce proportionately greater runoff 
increases, because of the higher efficiency of cool-season precipitation in producing runoff, and 
higher cool-season and lower warm-season stream flows (Elsner et al. 2009). These effects could 
increase the magnitude, frequency, and duration of wetland water level fluctuations. To the 
extent these increases alter conditions outside their preferred and tolerated ranges, wetland plant 
and amphibian communities could be affected, generally in the direction of reduced species 
richness. Such occurrences would make more difficult the protection of existing biodiversity and 
wetland functions and restoration efforts to recover higher levels.  

The projected higher summer temperatures and lower runoff would together tend to increase 
wetland drying, perhaps introducing a dry period in wetlands where one previously did not 
happen and increasing its length in those already experiencing one. As the research revealed, 
plant species presence is likely to be lower with any lengthening beyond two weeks (Azous and 
Horner 2001).  
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Synthesis of Strategies for Wetlands Management  

The two WDOE volumes covering wetlands management overall (WDOE 2006a, WDOE 2006b) 
and two additional mitigation documents (Johnson et al. 2000 and Johnson et al 2002), 
introduced earlier, provide guiding frameworks to implement wetlands protection, restoration, 
and creation strategies. These works can be supplemented by specific results from the literature 
and the expertise to put them into appropriate use to achieve the set objectives. The Mitsch and 
Gosselink (2007) text, the HGM-based functional assessment procedure built into WDOE’s 
program, the recommendations from NRC (2001), and the Puget Sound Wetlands and 
Stormwater Management Research Program results reported here are foundations for designing 
and implementing strategies to manage Puget Sound’s wetlands to advance the PSP’s program.  

Together, these studies demonstrate that the physical tolerances of target biological communities 
must be met in orderto retain or recover these communities, which can only occur if the major 
factors controlling those influences (climate, geomorpology, and the source and movement of 
water) are consistent with supplying them. Urbanization and the projected climate change effects 
described here will clearly have a bearing and must be considered in strategies for wetland 
protection, restoration, and creation.  

Importantly, the body of research we discuss here points to the primacy of hydrologic and 
hydroperiod preferences and tolerances in governing community maintenance and development 
and provides specific quantitative specifications supportive of plants and amphibians (e.g., Chin 
1996, Horner et al. 1997, Reinelt et al. 1998, Azous and Horner 2001). Establishing hydrologic 
and hydroperiod variables usually requires the use of computerized models capable of 
continuous pattern simulations based on meteorological input data, especially for restoration and 
wetland creation projects. The Western Washington Hydrologic Model (WDOE 2005) is one 
such model available for this task. Exerting control over those variables will require the 
application of stormwater management strategies described later in this chapter.  

As pointed out above, wetland geomorphology includes the topography, landforms, soils, and 
geology (Reinelt et al. 2001, Reinelt and Taylor 2001). Scientists and engineers working to 
protect, restore, or create wetlands have a relatively high degree of control over the first two of 
those variables. They also have some influence over soils, which can be altered in wetland 
restoration and creation projects through mineral and organic amendments.  

The general topography of a wetland is best represented by its side slopes, which tend to be quite 
gradual (e.g., ~12 horizontal:1 vertical) in natural wetlands. Wetlands have often been created on 
more of a “farm pond” model with much steeper side slopes (e.g., ~4 horizontal:1 vertical). If 
these two configurations received identical inflow volumes, the resulting depth would be much 
greater (on the order of twice, depending on dimensions) in the latter compared to the first case. 
It is highly likely in this scenario that the preferences and tolerances of some biota present in the 
first wetland would not be reproduced in the second, meaning those organisms probably would 
not thrive there or would be absent entirely. This single factor is probably the leading 
explanation for some of the numerous documented wetland mitigation failures. A strategy of 
designing structural features of created and restored wetlands according to those seen in one or 
more reference natural wetlands can avoid these errors.  



April 2011 Puget Sound Science Update  Page 575  Puget Sound Partnership 

Hydrological features such as outlet constriction, pool-and-channel pattern, and wetland-to-
watershed area ratio have all been demonstrated toaffect hydrology and hydroperiod (Reinelt et 
al. 2001, Reinelt and Taylor 2001). If the outlet is unfavorable to internal conditions, it is 
relatively easy to change it, to protect existing wetland functions, or design one conducive to the 
functional objectives being pursued in a restoration or creation project. The latter activities also 
give latitude to form or reform the internal structure. There is less possible control over the area 
ratio, but designers must be cognizant of its strong influence on hydrology, quantify that 
influence properly, and design to manage it in relation to objectives.  

Key Strategy: Protect, restore, and create wetlands according to the known preferences and 
tolerances of target biological communities, particularly geomorphic, hydrological, and 
hydroperiod requirements.  

Strategies for Management of Lakes 

As the location of one of the most well-known lake eutrophication and recovery episodes in the 
world, the Puget Sound area has long been a center of research on the negative effects of waste 
discharges to lakes, the resulting deterioration, and restoration strategies. Lake Washington had 
received discharges from municipal wastewater treatment plants around its shore for 
approximately 10 years when its deteriorating condition became increasingly evident. Two 
references that generally describe the recovery process and the shift in nutrient dynamics, algal 
populations and water clarity are Cooke et al. (2005) and Welch and Jacoby (2004). The entire 
decline and recovery was meticulously studied and documented by Thomas Edmondson and his 
associates at the University of Washington and provided some of the most complete and 
conclusive early evidence of the role of phosphorus in lake trophic (nutritional) dynamics.  

Lake Washington’s recovery was rapid for several reasons: its relatively great depth, rapid 
flushing rate, short history of enrichment, and the low phosphorus content of its major tributary, 
the Cedar River. These circumstances are not typical, and neither is the pattern of recovery. Lake 
Sammamish also went through a eutrophication episode, related to a municipal treatment plant 
and dairy waste, and recovered more slowly because of differing conditions but eventually to 
about the same degree. This experience, and others in many lakes, produced sufficient 
understanding that the results of changing the enrichment of a lake, in either the positive or 
negative direction, are fairly predictable. A number of restoration techniques exist. While a 
lake’s particular situation determines the best selection and its prospects for success, the state of 
lake science is such that a strong basis exists to assess the situation, select a technique, and 
forecast the results with a greater degree of certainty than often is the case with natural 
ecosystems.  

Excellent resources exist to guide lake analysis and restoration assessment. Because of the 
extensive work here, they have a strong regional flavor. Among many volumes that could be 
consulted for analysis, Welch and Jacoby (2004), and specifically its Part II on Effects of 
Pollutants in Standing Water, is recommended for comprehensiveness, practicality, and blend of 
regional and worldwide content. Chapter 7 (Eutrophication) provides straightforward 
mathematical expressions and criteria to classify a lake’s trophic status and begin to make 
decisions about its management and possible restoration. Cooke et al. (2005) provide the detailed 
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science on lake restoration, covering the full range of methods with a similar approach, 
numerous case studies, and coverage of issues of effectiveness and relative certainty. They 
divide their presentation of restoration strategies into algal biomass control, control of 
macrophytes (emergent, submergent, or floating aquatic plants), and treatments for multiple 
benefits (see Appdendix 4D, Box D1 for details of algal biomass control) and form the basis for 
the following key strategy: Key Strategy: Protect and restore lakes applying the established 
specific strategies of algal biomass and macrophyte control.  

Urban Stormwater Management Strategies 
Introduction  

Stormwater runoff in general, and the component of that runoff from urban lands in particular, 
has emerged as an issue of widespread concern in the Puget Sound region since urban 
stormwater runoff is a major source of toxic chemicals in the marine waters of Puget Sound 
(HartCrowser 2007, Envirovision 2008, WDOE 2008, PSP 2010).  

Both national (e.g., the Nationwide Urban Runoff Program [NURP], USEPA 1983) and regional 
research (e.g., Mar et al. 1982) have shown that storm runoff from developed lands threatens not 
only flooding but also the water quality of streams, lakes, and marine waters receiving the 
discharge. With their roots in flood control engineering, it was natural than early stormwater 
managers would turn to structural solutions to the newly recognized problems. Holding runoff in 
a detention pond for a time and releasing it more slowly than flow off urban surfaces became the 
favored response to reduce peak flow rates, and hence the erosive shear stress built up in streams. 
For water quality improvement USEPA’s (1983) NURP highlighted “wet ponds,” basins that 
maintain a permanent (or semi-permanent) pool and hold runoff for an extended period, giving 
pollutant removal mechanisms an opportunity to function. These measures prevailed over the 
first 20 years of modern stormwater management, until ideas about “low-impact development” 
began to coalesce, at first in Maryland (Prince George’s County 1999). As explained in much 
more detail below, low-impact development (LID) is a system of practices aimed at avoiding 
runoff above pre-development quantities and its contaminants from being generated in the first 
place or preventing it from discharging off-site by exploiting the capabilities of vegetation and 
soil to mimic pre-development site hydrology. This approach contrasts with traditional methods, 
which are oriented more toward structural end-of-pipe control.  

A National Academy of Sciences committee recently reviewed the entire history and status of the 
nation’s urban stormwater management program. The committee’s report (NRC 2009) identified 
numerous problems with the program and made many corrective recommendations, some of 
which are listed in Box 7. These recommendations lay the groundwork for the specification of 
detailed strategies to counter the multiple negative effects of urban stormwater runoff on Puget 
Sound and its tributary waters.  

Box 7. Recommendations from NRC (2009) for urban stormwater management:  

• Individual controls on stormwater discharges are inadequate as the sole solution to 
stormwater in urban watersheds. Storm-water control measure (SCM)6 implementation 
need to be designed as a system, integrating structural and nonstructural SCMs and 
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incorporating watershed goals, site characteristics, development land use, construction 
erosion and sedimentation control, aesthetics, monitoring, and maintenance.  

• Nonstructural SCMs such as product substitution, better site design, downspout 
disconnection, conservation of natural areas, and watershed and land-use planning can 
dramatically reduce the volume of runoff and pollutant load from a new development. 
Such SCMs should be considered first before structural practices.  

• SCMs that harvest, infiltrate, and evapotranspire stormwater are critical to reducing the 
volume and pollutant loading of small storms.  

The most effective solutions are expected to lie in isolating, to the extent possible, receiving 
water bodies from exposure to impacts such as stream channel modification, degradation of 
salmon spawning and rearing habitat, disruption of the stream food web, exposure to toxic 
pollutants, and increased pollutant loading to downstream waters including the Puget Sound. In 
particular, low-impact design methods, termed Aquatic Resources Conservation Design (ARCD) 
in this report, should be employed to the fullest extent feasible and backed by conventional 
SCMs when necessary.  

Here we first explore the most highly recommended LID-based strategies followed by the 
conventional end-of-pipe practices. Available effectiveness and relative certainty data are 
presented for both strategy categories. This account supports development of PSP Results Chain 
strategies for flow protection and stormwater control enumerated in Neuman et al. (2009).  

Aquatic Resources Conservation Design (ARCD) Strategies7  

Aquatic Resources Conservation Design (ARCD) Strategies (NRC (2009) are more 
encompassing than Low-Impact Development (LID) because ARCD signifies that the principles 
and many of the methods apply to both building on previously undeveloped sites as well as 
redeveloping and retrofitting existing development. Additionally, incorporating aquatic resources 
conservation helps reinforce the main reason for improving stormwater regulation and 
management. ARCD encompasses the all practices that can be used to reduce negative imp1acts 
of urban runoff ; i.e., “… the full suite of practices that decrease surface runoff peak flow rates, 
volumes, and elevated flow durations, as well as those that avoid or at least minimize the 
introduction of pollutants to any surface runoff produced” (NRC 2009, p. 406). Reducing the 
concentration of pollutants and volume of runoff reduces the cumulative amount of pollutants 
released into receiving waters.  

According to the NRC (2009) report “…ARCD practices begin with conserving existing 
vegetation and soils, as well as natural drainage features (e.g., depressions, dispersed sheet flows, 
swales). Clustering development to affect less land is a fundamental practice advancing this goal. 
Conserving natural features would further entail performing construction in such a way that 
vegetation and soils are not needlessly disturbed and soils are not compacted by heavy 
equipment. Using less of polluting materials, isolating contaminating materials and activities 
from contacting rainfall or runoff, and reducing the introduction of irrigation and other non-
stormwater flows into storm drain systems are essential. Many ARCD practices fall into the 
category of minimizing impervious areas through decreasing building footprints and restricting 
the widths of streets and other pavements to the minimums necessary. Water can also be 
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harvested from impervious surfaces, especially roofs, and put to use for irrigation and gray water 
system supply. Harvesting is feasible at the small scale using rain barrels and at larger scales 
using larger collection cisterns and piping systems. Relatively low traffic areas can be 
constructed with permeable surfaces such as porous asphalt, open-graded Portland cement 
concrete, coarse granular materials, concrete or plastic unit pavers, or plastic grid systems. 
Another important category of ARCD practices involves draining runoff from roofs and 
pavements onto pervious areas, where all or much can infiltrate or evaporate in many situations” 
(NRC 2009, p.407).  

Following the initial application of ARCD, any excess site runoff could be a candidate an array 
of techniques to reduce the quantity through infiltration and evapotranspiration (ET) and improve 
the quality of any remaining runoff. “Natural soils sometimes do not provide sufficient short-
term storage and hydraulic conductivity for effective surface runoff reduction because of their 
composition but, unless they are very coarse sands or fine clays, can usually be amended with 
organic compost to serve well” (NRC 2009, p. 407).  

The NRC (2009) report recommends that “ARCD practices be designed to be applied as close to 
sources as possible to stem runoff and pollutant production near the point of potential generation. 
However, these practices must also work well together and, in many cases, must be 
supplemented with strategies operating farther downstream. For example, the City of Seattle, in 
its “natural drainage system” retrofit initiative, built serial bioretention cells flanking relatively 
flat streets that subsequently drain to “cascades” of vegetated stepped pools created by weirs 
were installed along more sloping.streets. The upstream components are highly effective in 
attenuating most or even all runoff. Flowing at higher velocities, the cascades do not perform at 
such a high level, although under favorable conditions they can still infiltrate or evapotranspire 
the majority of the incoming runoff (Horner et al. 2001, 2002, 2004, Chapman 2006, Chapman 
and Horner 2010). [The cascades] extract pollutants from remnant runoff through mechanisms 
mediated by vegetation and soils. The success of Seattle’s natural drainage systems demonstrates 
that well designed ARCD practices can mimic natural landscapes hydrologically, and thereby 
avoid raising discharge quantities above pre-development levels.” (NRC 2009, p407)  

In cases where ARCD approaches are not feasible, conventional SCMs such as 
retention/detention basins, biofiltration, and sand filters can be used to augment ARCD strategies. 
As pointed out in the NRC (2009) report, a “…watershed-based program emphasizing ARCD 
practices would convey benefits beyond improved stormwater management. ARCD techniques 
overall would advance water conservation, and infiltrative practices would increase recharge of 
the groundwater resource. ARCD practices can be made attractive and thereby improve 
neighborhood aesthetics and property values. Retention of more natural vegetation would both 
save wildlife habitat and provide recreational opportunities. Municipalities could use the 
program in their general urban improvement initiatives, giving incentives to property owners to 
contribute to goals in that area while also protecting water resources.” (NRC 2009, p. 407-408)  

ARCD practices are numerous and expanding as existing configurations are applied in new ways. 
Table 5 presents a catalogue adapted from USEPA (2007b) and NRC (2009). This catalogue 
contains practices that are not equally applicable in all settings; e.g., residential, industrial, and 
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commercial land uses; or new development, redevelopment, and retrofit stages. Nevertheless, 
each category offers practices applicable in each of these circumstances.  
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aSome of these practices are also conventional stormwater BMPs but are ARCD practices when 
ARCD landscaping methods are employed as necessary to maximize storage, infiltration, and 
evapotranspiration. The first five examples can be constructed with an impermeable liner and an 
underdrain connection to a storm sewer, if there is a good reason to do so (see further discussion 
later). Vegetated roofs store and evapotranspire water but offer no infiltration opportunity, unless 
their discharge is directed to a secondary, ground-based facility.  

bSelection of landscaping methods depends on the ARCD practice to which it applies and the 
stormwater management objectives, but amending soils unless they are highly infiltrative and 
planting several vegetation canopy layers (e.g., herbaceous growth, shrubs, and trees) are 
generally conducive to increasing storage, infiltration, and evapotranspiration.  

The best strategy for choosing among and implementing these practices is a decentralized, 
integrated one; i.e., selecting practices that fit together as a system, working from at or near 
sources through the landscape until management objectives are met. This strategy makes 
maximum possible use of practices in source control, conservation site design and conservation 
construction, which then can help prevent stormwater quantity and quality problem. Source 
control and preservation of existing vegetation and soils obviously avoid post-development 
runoff quantity and prevent pollutant runoff. Among all strategies, these best maintain pre-
development hydrology (infiltration and ET patterns) and yield of materials flowing from the site. 
This preventive strategy is supplemented by creating as little impervious cover as possible. The 
remaining practices then contend with the excess runoff and pollutants over pre-development 
levels generated by the development.  

For the practices that infiltrate water, a site’s infiltration capability can be determined through 
infiltration rate testing and excavation to determine the pattern of soil layers and if groundwater 
approaches the surface too closely for effective operation. Because of the often substantial 
variability of conditions around a site, these determinations need to be made at multiple points. 
Guidance cited below provides procedures for these tasks. If the natural infiltration rate is 
insufficient, generally regarded as < 0.5 inch/hour (< 1.25 cm/h, Geosyntec 2008), in many 
situations the soil can be amended, usually with organic compost, to apply an infiltrative practice.  

Less predictable than infiltration at this point in time is evapotranspiration. Evidence gathering 
from available performance research, presented later, is that ET can be substantial but is difficult 
to quantify at a given site without more research. Therefore, designs of these facilities cannot be 
optimized now for maximum performance. Meanwhile, designing on the basis of infiltration rate, 
set considering soil amendment if any, is conservative and is likely to yield better than predicted 
performance as a result of ET.  

Strategies for Implementing ARCD Practices  

No single manual on LID provides up-to-date comprehensive selection, design, installation, and 
maintenance advice covering the full range of practices listed in Table 5. Both the USEPA8 and 
the Center of Low Impact Development9 websites list several manuals, but they are somewhat 
dated and focused on specialized applications.  
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Regionally, the Puget Sound Action Team (PSAT) produced a guidance manual (Hinman 2005) 
that emphasized site design and construction practices most appropriate for residential land use. 
This manual guides site assessment and planning, covering conservation construction, soil 
amendment, and aspects of conservation site design; and provides detailed specifications for 
bioretention cells, permeable pavement, vegetated roofs, and roof water harvesting. Hinman 
(2007) supplemented the manual with a handbook aimed at homeowners who wish to create 
small-scale rain gardens.  

Further information on ARCD can be gained from the Post-Construction BMP Technical 
Guidance Manual of the City of Santa Barbara, California (Geosyntec Consultants 2008), which 
emphasizes ARCD techniques over conventional ones. This manual encompasses many major 
urban land use categories although it does not cover source control. Volume IV of WDOE’s 
(2005) Stormwater Management Manual for Western Washington fills that gap well for 
commercial and industrial areas. Box 8 provides other resources on various aspects of ARCD.  

Box 8. Aspects of ARCD of interest to Puget Sound practitioners.  

• Green Roofs for Stormwater Runoff Control (Berghage et al. 2009)—report on 
comprehensive studies of green roof performance at Pennsylvania State University, with 
recommendations pertaining to future designs;  

• Innovative Approaches for Urban Watershed Wet-Weather Flow Management and 
Control: State-of-the-Technology: Interim Report (Struck, Rowney, and Pechacek 
2009)—presents a global information search to identify state-of-the-technology 
approaches, including case examples and conclusions and recommendations to guide 
future research, development, and demonstration initiatives;  

• Managing Wet Weather with Green Infrastructure Action Strategy (USEPA 2008)— an 
outline of a national strategy to develop and implement ARCD; and  

• Reducing Stormwater Costs through Low Impact Development (LID) Strategies and 
Practices (USEPA 2007b)—presents five case studies from the Pacific Northwest and 12 
more nationally with design, performance, and cost information.  

See Appendix 4E for supporting information on ARCD strategies and stages of urbanization  

Effectiveness and Relative Certainty of ARCD Strategies  

Most of the ARCD practices in Table 5 are preventive; i.e., they avoid the generation of surface 
runoff above pre-development levels and additions of pollutants over pre-development amounts 
to whatever surface runoff still occurs. If these practices are applied effectively, they could be 
100 percent effective for any land area covered. For example, if a development is clustered and 
an existing forest is untouched by it, the forest’s runoff production and characteristics should not 
change. Likewise, shielding a previously outdoor industrial activity from contact with rainfall 
and runoff would eliminate the contamination from that operation. The question of effectiveness 
and relative certainty, therefore, apply mainly to the last two groups of practices in the table, 
those for temporary runoff storage followed by infiltration and/or evapotranspiration, and the 
associated ARCD landscaping practices.  
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To express hydrologic performance, the most common measures seen in the literature are 
cumulative surface runoff volume reduction between inflow and outflow over a period that 
includes multiple storms, and peak flow rate reduction statistics. In their recent paper on the 
performance of one of Seattle’s natural drainage systems, Chapman and Horner (2010) reported 
water quality performance in terms of long-term pollutant mass loading reductions, reliable 
effluent pollutant concentrations, and irreducible minimum effluent concentrations. Mass loading 
represents a cumulative burden on the receiving water, while the maximum expected discharge 
concentration expresses the highest acute stress exerted on aquatic life. The irreducible minimum 
concentration indicates the best performance that can be expected. It is now well established that 
quantifying stormwater BMP performance in relation to concentration reduction (influent to 
effluent) statistics can be misleading for several reasons (Strecker et al. 2001), a key one being 
that devices are often observed to put out somewhat consistent effluent pollutant levels in the 
face of relatively variable influent levels (Barrett 2005). In that situation a device receiving a 
relatively “cleaner” flow would not register a performance efficiency as high as one getting a 
“dirtier” influent, even if their effluent concentrations are identical.  

Seattle Natural Drainage System Effectiveness and Relative Certainty  

There has been more study of some form of bioretention than any other ARCD practice. This 
method is applied in a variety of configurations, in some cases with elements of swales and filter 
strips in addition to or even instead of a depressional form. The City of Seattle’s natural drainage 
system program10 exemplifies this approach. As described earlier, Seattle uses two basic models: 
serial bioretention cells for relatively flat streets, and “cascades” of vegetated stepped pools 
created by weirs along more sloping streets. The former are quiescent, while the cascades often 
have flow at visible velocity, and hence are “swale-like.”  

The best known flat-street cellular installation is the 2nd Avenue Northwest Street Edge 
Alternatives (SEA Streets) project. This project’s performance has been widely reported 
regionally, nationally, and internationally, although not in any peer-reviewed journal form 
because of the straightforwardness of the results. The following account comes from a report to 
the city by the University of Washington (Horner and Chapman 2007). The street was redesigned 
to reduce impervious cover, and also traffic speeds, while converting previous asphalt and gravel 
right of way to vegetated swales and detention areas. Built largely in compost-amended soils, 
this natural drainage system was designed to reduce peak runoff rates and volumes conveyed to 
Pipers Creek. While providing these environmental benefits, the system landscaping was also 
intended to offer a neighborhood aesthetic benefit.  

Prior to construction of the SEA Streets project baseline flow monitoring occurred during the 
period March 19-June 18, 2000 and embraced 35 events totaling 6.32 inches (161 mm) of 
precipitation. The catchment discharged in all events, delivering a total of 8601 ft3 (244 m3) of 
runoff to the downstream drainage system leading to Pipers Creek. As a crude measure of yield, 
the street generated 1361 ft3 of runoff per inch of rain (1.52 m3 per mm).  

Monitoring of the completed SEA Streets project began on January 20, 2001. Over the next 
approximately two years (through March 31, 2003) the system experienced 162 events producing 
76.9 inches (1954 mm) of precipitation. The new street discharged runoff during only 11 storms 
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(6.8 percent), yielding 1948 ft3 (55 m3) of runoff, or 25.3 ft3 of runoff per inch of rain (0.028 m3 
per mm). This yield is just 1.9 percent of the amount before the project’s construction.  

Flow monitoring continued through June 30, 2007. The last recorded discharge was on 
December 14, 2002. On and about October 20, 2003 the Seattle-Tacoma International Airport 
rain gauge registered its highest ever 24-hour rainfall total. The Viewlands rain station in the 2nd 
Avenue NW neighborhood recorded 4.22 inches (107 mm) of rain from late on October 19, 2003 
to the morning of October 21 (a period of 32.5 hours). The next month a quantity of 3.86 inches 
(98 mm) fell at Viewlands over a 51.25-hour period from November 17 to 19, 2003. Then, in 
November 2006 Seattle experienced its largest ever monthly rainfall, 15.63 inches (397 mm) at 
the airport. Therefore, the SEA Streets drainage system ceased discharging runoff even with 
exposure to large short- and long-term precipitation quantities.  

The 2nd Avenue NW SEA Streets site thus demonstrated a clear tendency to store and prevent 
surface runoff from even more rainfall than during its early years. The reason for this 
development can only be speculation. However, it is likely that the vegetation, as it matures, 
more effectively intercepts rainfall, after which it can evaporate; assimilates more water into its 
tissues, for storage and possible transpiration; and assists percolation through the soil by piping 
water along the root structures. In this condition the bioretention unit mimics a natural Pacific 
Northwest landscape, in which surface runoff is unusual.  

The most complete performance study of a cascade was performed on the NW 110th Street 
system (Chapman and Horner 2010). It has 5-8 cm of 4-cm-diameter washed gravel over a 
minimum 20-cm-deep layer of soil mix containing 30 percent organic compost and 70 percent 
gravelly sand (by volume). These amended soils are underlain by a layer of 6-mm-diameter, 
bank-run gravel. Over three full wet seasons and two dry seasons, 235 storms delivered 2.23 
meters (87.8 inches) of rain at the study location. There was no discharge recorded at the outlet 
in 79 percent of the events. During the full monitoring period 7635 m3 (2.69 x 105 ft3) of water 
entered at the inlet and 3982 m3 (1.40 x 105 ft3) left the system. Therefore, at least 48 percent of 
the incoming water never discharged from the 110th Cascade. However, the total impervious 
area draining to the system was carefully estimated to be approximately double that contributing 
to the inlet; therefore, the total runoff volume entering likely was also about double that 
measured at the monitored inlet. Given this, it would be more accurate to say that closer to 74 
percent of the water entering the 110th Cascade was retained.  

Table 6 presents estimated total pollutant mass loading reductions over the full monitoring 
period, both with and without the unmeasured inflows, with confidence limits for the latter set of 
estimates (Chapman and Horner 2010, NRC 2009). Including the estimated additional influent 
gives the most likely estimate of reductions. By either estimation technique, though, it is clear 
that the NW 110th Cascade attenuated the majority, or even the great majority, of the pollutant 
mass that would otherwise flow to Pipers Creek for most pollutants. This performance is chiefly 
a function of the great reduction of discharge volume. The low removal of dissolved phosphorus 
signifies the exception usually seen in vegetative treatment systems: vegetation decaying in the 
fall and winter appears to release in soluble form nutrients taken up in the growing season.  
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Table 7 gives the irreducible minimum and reliable maximum pollutant concentration values 
determined from the cascade discharge data, with volume-weighted average effluent 
concentrations for comparison (Chapman and Horner 2010). The reliable maximum is here 
defined as the event mean concentration (EMC) that was exceeded in only 10 percent of the 
runoff events, while the irreducible minimum is the EMC that was exceeded 90 percent of the 
time. These values were calculated as two-sided prediction intervals with α=0.10, using non-
parametric (ranks) methods (Helsel and Hirsch, 1991). Volume-weighted averages were 
computed by multiplying concentrations times flow volumes for each monitored storm, summing, 
and dividing by total volume. While the minimums and averages show that pollutant 
concentrations in the discharge would usually be substantially less, the relative certainty of not 
surpassing the maximum concentrations is 90 percent.  
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WDOE has set water quality standards for some of the pollutants in Table 7, particularly metals 
as dissolved quantities. Meeting the standards in the discharge could be a stormwater 
management objective. The metals standards are a function of water hardness, because the 
tendency of hardness producing minerals (mainly, calcium and magnesium) to reduce metal 
toxicity to aquatic life. Hardness tends to be relatively low in the Puget Sound area, making 
attainment of water quality standards sometimes difficult. The results for the NW 110th Street 
Cascade show that employing this strategy could meet the standards for zinc and lead under 
virtually all regional circumstances but would not necessarily meet the copper standard.  

Bioretention Effectiveness and Relative Certainty  

As pointed out earlier, performance comparisons among studies are difficult because of the many 
influencing variables, often undefined in reports, and always must be tempered accordingly. 
Bioretention facilities have been built and studied with and without impermeable liners and/or 
underdrains, either entirely eliminating (if lined) or reducing (if unlined but underdrained) 
infiltration. Obviously, this design feature would be expected to have a major influence on 
performance. Table 8 presents a comparison in surface runoff volume reduction with and without 
underdrains. Results for the unconstrained systems mirror those discussed above for Seattle’s 
natural drainage systems. Installing an underdrain but leaving the facility unlined appears to cut 
the hydrologic advantage by roughly one-third to one-half, while adding a liner diminishes that 
advantage by around two-thirds. Therefore, these design features should only be incorporated for 
a good reason (e.g., high groundwater table; very restricted infiltration rate that cannot be 
sufficiently increased by soil amendment; buried contaminants in the soil below, which could be 
mobilized by concentrated infiltration). Without such a reason, bioretention cells and other 
ARCD practices should be built without these features for maximum infiltration opportunity and 
minimum surface discharge.  

 

The 20-29 percent of the inflow lost from the lined unit could only have departed via 
evapotranspiration. This result came from an installation in a location with the months of highest 
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rainfall coinciding with the warmest months, maximizing evaporation, and the growing season, 
maximizing transpiration. Everything else being equal, this performance would not be expected 
in the Puget Sound region, with the highest rainfall in the coolest months outside the growing 
season. Nevertheless, design and, particularly, vegetation selection could increase ET in this 
climate; but research is necessary to determine that potential and how to optimize it.  

Davis et al. (2009) summarized water quality performance registered by several bioretention 
studies in the eastern United States from New Hampshire to North Carolina. As shown in Table 
9, the results were highly variable, most likely as a consequence of the many driving variables 
listed earlier. The results overall do not provide good indices of effectiveness and signify that 
relative certainty is quite poor. Along with the reports from the Seattle natural drainage systems, 
though, they do indicate the strong potential of bioretention to eliminate the discharge of almost 
all pollutant mass in the best applications and to meet or at least approach achievement of water 
quality standards at the point of release.  

 

Permeable Pavement Effectiveness and Relative Certainty  

Permeable pavements include porous asphalt and concrete and various modular concrete and 
plastic grid products. All have received some testing, but results are reported in many different 
ways. The tests have generally shown substantial reductions of both runoff quantity and 
measures of pollutants. Apparently, mechanisms operate within the porous matrices to capture 
the various classes of pollutants relatively effectively. Already generally relatively low, 
remaining contaminants exiting from the pervious pavement would receive additional 
opportunity for capture in underlying soil before reaching groundwater.  

St. John and Horner (1997) investigated the performance of a King County, WA porous asphalt 
road shoulder relative runoff quantity and quality from the traveled lanes and in comparison to a 
conventional asphalt and a gravel shoulder. Over a wet season the porous asphalt shoulder 
prevented 85 percent of the incident runoff from flowing farther on the surface. Samples of the 
road runoff and shoulder infiltrate exhibited the water quality characteristics in Table 10. The 
results are roughly equivalent to or better than those from the NW 110th Street Cascade, with a 
relatively high degree of certainty. Notably and in contrast to the cascade, soluble 
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orthophosphate-phosphorus was clearly reduced to low concentrations in the permeable 
pavement.  

Struck, Rowney, and Pechacek (2009) summarized case studies on various kinds of concrete and 
plastic grid systems. Concrete blocks over four types of base materials in Germany reduced 
copper in the infiltrate to 16-51 µg/L, zinc to 18-178 µg/L, and lead to < 4 µg/L. A concrete-
block system in North Carolina reduced runoff volume by 66 percent and held total suspended 
solids in water passed through the blocks to 12.4 mg/L, total nitrogen to 0.98-2.77 mg/L, TP to 
70-400 µg/L, and zinc to 8 µg/L. Brattebo and Booth (2003) examined two concrete and two 
plastic grids over five years. There was almost no runoff at any time from any gridded area. 
Copper in the infiltrate ranged from below detection to 1.3 µg/L and zinc from less than 
detection to 8.2 µg/L. Oil was never detected.  

 

A coalition of public agencies and private professional associations and consultants has built an 
International Stormwater Best Management Practices Database11. The database is a reliable basis 
for characterizing effectiveness, because it incorporates only data collected using acceptable 
procedures and quality controls. Hence, this source is fully peer-reviewed. It is now primarily 
populated with conventional practices but will soon be supplemented with a range of ARCD 
methods. At this point, among those practices, only porous pavements are included. Table 11 
summarizes the results from six studies on a variety of pavement types accepted into the 
database. Porous pavement technology requires further investigation on long-term sustainability, 
as well as stormwater management effectiveness; but the overall reports thus far are quite 
promising for greatly reducing runoff quantities and pollutant mass loadings and meeting or 
coming close to water quality standards.  



April 2011 Puget Sound Science Update  Page 590  Puget Sound Partnership 

 

Vegetated Roof Effectiveness and Relative Certainty  

Dietz (2007) summarized retention without surface discharge of the precipitation falling on 10 
vegetated roofs in Sweden, Michigan, North Carolina, and Oregon. The systems ranged from 2.0 
to 12.7 cm in growth medium thickness and the roof slopes from 2.0 to 6.5 percent. Excluding 
one roof with a 2.0-cm medium, retention ranged from 58-71 percent. With infiltration not being 
a factor, ET had to be substantial. Because of the preponderance of precipitation in winter in the 
Pacific Northwest, it is generally thought that green roofs would not be very effective for 
stormwater management here. However, even the Portland, OR vegetated roof retained 69 
percent of the rainfall (Dietz 2007). It also has the thickest medium, which might be one clue to 
boosting performance in this climate.  

Pennsylvania State University has performed a large amount of green roof research (Berhage et 
al. 2009). The roofs tested retained over 50 percent of the total precipitation during the study 
period. During summer months nearly all the precipitation was retained. During the winter 
retention was smaller (< 20 percent). Seasonal effects appear to be a result of snow or freezing 
conditions; otherwise green roofs effectively retained up 0.4 inch (10 mm) of precipitation 
regardless of season. This result is encouraging for vegetated roof use in the Puget Sound region, 
where very cold conditions are much less frequent than in central Pennsylvania. The mean storm 
quantity in Seattle is 0.48 inch, meaning that the potential exists to achieve substantial retention 
of a fairly large number of storms. Water quality performance was not deemed good enough to 
discharge effluent without further treatment. This finding is discouraging to implementation of 
green roofs, since they are best suited to dense locations restricting use of other practices.  

Benefits of Water Harvesting  

To the extent that rain water can be harvested and directed to a use such as gray water supply or 
irrigation, the technique is 100 percent effective in reducing stormwater surface runoff and its 
contamination. Therefore, its effectiveness is expressed here in terms of water conservation 
potential. In downtown Seattle the King County Government Center collects enough roof runoff 
to supply over 60 percent of the toilet flushing and plant irrigation water requirements, saving 
approximately 1.4 million gallons of potable water per year (Puget Sound Action Team 2003). A 
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much smaller public building in Seattle, the Carkeek Environmental Learning Center, drains roof 
runoff into a 3500-gallon cistern to supply toilets (Accetturo 2005).  

ARCD costs  

The USEPA (2007b) assembled a series of ARCD case studies, including costs. In general, the 
investigation concluded that:  

... applying LID techniques can reduce project costs and improve environmental performance. In 
most cases, LID practices were shown to be both fiscally and environmentally beneficial to 
communities. In a few cases, LID project costs were higher than those for conventional 
stormwater management practices. However, in the vast majority of cases, significant savings 
were realized due to reduced costs for site grading and preparation, stormwater infrastructure, 
site paving, and landscaping. Total capital cost savings ranged from 15 to 80 percent when LID 
methods were used, with a few exceptions in which LID project costs were higher than 
conventional stormwater management costs (USEPA 2007b)  

Among the Pacific Northwest case studies, Seattle’s 2nd Avenue NW SEA Streets project saved 
$217,255 of the expected $868,803 cost (25 percent) of upgrading the street’s previous “informal” 
drainage system to a conventional street curb-and-gutter configuration. Two parking lot rain 
garden retrofits in Bellingham saved 76 and 80 percent of the costs of the conventional 
stormwater management alternative of underground vaults. A design study for a Pierce County, 
WA subdivision using an integrated range of ARCD techniques estimated 20 percent savings 
compared to managing stormwater conventionally. On the other hand, in a design study for 
another subdivision in the same county maximizing ARCD opportunities, including home roof 
water collection, capital costs were estimated as about twice as high as for a conventional system. 
These costs were expected to be offset somewhat by operating savings over time. Portland’s 
residential roof downspout disconnection program has cost the city $8.5 million thus far in 
materials and incentive payments but is expected to save $250 million in construction costs for 
piping to store an extra 1 billion gallons per year to prevent combined sewer overflows. Case 
studies in USEPA (2007b) for other areas around North America illustrate the general savings 
that can accrue from replacing conventional approaches with ARCD.  

Conventional Stormwater Management Strategies  

Stormwater management on the conventional level is very well developed, especially in 
Washington State. King County and WDOE were among the first jurisdictions in the nation to 
write comprehensive stormwater manuals. The same two entities took continuous simulation 
hydrologic modeling into the mainstream of the profession, ahead of just about everywhere else. 
However, the conventional approach has been found wanting, contributing to the strong role of 
stormwater in compromising resources. The NRC (2009)study concluded that site-by-site 
specification of controls on stormwater discharges, the usual practice in the conventional 
approach to stormwater management, is inadequate and should be replaced by integrated 
implementation of controls, designed as a system. In particular, the committee found that the 
prevailing practices have not served well to manage runoff from the most frequent, relatively 
small storm events; and practices that harvest, infiltrate, and evapotranspire stormwater would be 
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superior. This section examines the capabilities and limitations of conventional practices, what 
role they can still play, and how they can be enhanced for better performance.  

WDOE’s (2005) Stormwater Management Manual for Western Washington provides a thorough 
catalog of the conventional practices at issue and can be consulted for full details about them. 
The practices under the infiltration and biofiltration categories can be recognized as identical in 
name to practices also in the ARCD category. The major differences as applied in that milieu 
versus conventionally come in the treatment of soils and vegetation. In ARCD applications soils 
are investigated for infiltration capability and amended if necessary to optimize it; whereas, 
conventionally, either the native soils are accepted as is or an infiltration BMP is rejected as a 
workable choice. In ARCD practices the vegetation palette generally has some diversity in more 
than one canopy layer, whereas conventional vegetated facilities tend more to be monocultures. 
In addition to the practices in Table 12, the manual has a volume (IV) of source controls, which 
have already been pointed out in the ARCD discussion.  
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a Given as volume number (Roman numeral) and chapter section  

Conventional Stormwater Management Strategies: Effectiveness and Relative Certainty in Water 
Quantity Control 
As a consequence of the urban-induced runoff changes that cause flooding, erosion, and stream 
habitat damage, Puget Sound jurisdictions have long required some degree of stormwater runoff 
quantity mitigation for new developments. The most common approach has been to reduce flows 
through the use of detention ponds, which are intended to hold stormwater runoff from 
developed areas and release it at a slower rate than if undetained. Booth, Hartley, and Jackson 
(2002) reviewed the history and critiqued the effectiveness of the approach. The picture remains 
largely unchanged today, with the conventional practices described still prevailing and central to 
the approach of the Stormwater Management Manual for Western Washington (WDOE 2005).  
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Detention ponds can be designed to either of two levels of performance, depending on the 
desired balance between achieving downstream protection and the cost of providing that 
protection. A peak standard, the classic (and less costly) goal of detention facilities, seeks to 
maintain post-development peak discharges at their pre-development levels. Even if this goal is 
successfully achieved, the aggregate duration that such flows occupy the channel must increase, 
because the overall volume of runoff is greater. In contrast, a duration standard seeks to maintain 
the post-development duration of a wide range of peak discharges at pre-development levels. Yet, 
unless runoff is infiltrated, the total volume of runoff must still increase in the post-development 
condition. Thus, durations cannot be matched for all discharges because this excess water must 
also be released.  

Applying these principles requires the use of some calculation procedure, a hydrologic model, to 
estimate pre- and post-development flows. Early protocols used the extremely simplistic 
“Rational Method,” succeeded about 20 years ago by the “Curve Number” method originally 
introduced by the Soil Conservation Service of the U.S. Department of Agriculture. Several 
flaws, resulting in detention ponds that did not meet desired performance criteria, were soon 
recognized in this method: (1) ponds were assumed to be empty at the beginning of storms, a 
condition often not the case in the Puget Sound winter climate; (2) the model commonly 
overestimated pre-development flows, giving the wrong targets for post-development design; (3) 
the method was still based on a peak standard, ignoring problems associated with increased flow 
durations.  

To counter these problems King County and WDOE introduced continuous simulation 
hydrologic models based on the HSPF (Hydrologic Simulation Program-Fortran) model, 
respectively, KCRTS (King County Runoff Time Series) and WWHM (Western Washington 
Hydrologic Model). These and other jurisdictions also converted to duration control standards, 
intended to match pre- and post-development flow durations for all discharges above a chosen 
threshold. From the standpoint of developers these changes were controversial, because they led 
to substantially larger detention ponds, consuming more land and costing more than before.  

From the environmental protection standpoint, the use of a threshold (on development size and, 
hence, runoff production) ignores cumulative effects of numerous sub-threshold actions 
summing to a considerable hydrologic alteration. Booth and Jackson (1997) had earlier 
discovered that one-quarter of impervious area added to King County watersheds from 1987 to 
1992 fell below the threshold. Horner et al. (2002) assessed various aspects of water quantity and 
quality control BMP application in four King County watersheds and found that only 12-31 
percent of the developed area was served by any quantity control practices. This dearth appeared 
to be associated with vesting under old regulations and some development predating any 
regulations, in addition to the threshold.  

Booth and Jackson (1997) performed an analysis to determine how much detention volume 
would be required to prevent the urban stream channel damage, which they and others had 
demonstrated, based on a duration-based standard based and KCRTS modeling and assuming no 
infiltration. They concluded that effective runoff mitigation in the Pacific Northwest requires 
pond volumes of 3 to as much as 14 cm-ha per ha of developed land (0.10-0.46 acre-ft/acre). 
With associated berms, control structures, and maintenance access roads, such a facility could 
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occupy more than 10 percent of the total area of a development. Ponds of that size have never 
been built, and probably never will for economic and political reasons. If half of the runoff 
production could be avoided by ARCD mechanisms, ponds could shrink to around the sizes 
being built under current standards and still protect streams. The possibility certainly exists to 
achieve greater attenuation in the contributing catchment, to apply ARCD-type soils amendment 
and vegetation to the pond to increase infiltration and ET, or both.  

Conventional Stormwater Management Strategies: Effectiveness and Relative Certainty in 
Water Quality Control  

The optimal stormwater management practice can provide needed quantity control, substantially 
reduce pollutant mass loadings, and produce an effluent concentration within acceptable limits, 
as gauged by water quality standards in the receiving water. The effectiveness of conventional 
infiltrative practices in providing any or all of these benefits depends on the extent of infiltration 
that occurs, just as with their ARCD counterparts. Basin-type conventional water quality control 
practices can be designed to provide detention for quantity control. Ground-based practices that 
drain fully, such as detention ponds, biofilters, and media filters constructed in earth, generally 
have some incidental infiltration, although it is not usually accounted for in design. If that 
incidental infiltration is considerable, mass loading reduction will benefit both from volume 
decrease and pollutant capture in the device. Otherwise, cumulative mass of contaminants will 
not be reduced much or at all over what the pollutant capture mechanisms provide. Wet ponds 
and treatment wetlands hold water because they do not infiltrate much, a condition developing 
through soil structural changes with saturation if not the case at construction. Of course, any 
practice built in a hard structure will not infiltrate at all.  

For practices not designed for infiltration, their effectiveness in reducing pollutant concentrations 
depends on a variety of pollutant removal mechanisms, the chief one being filtration and settling 
of suspended solids, which captures any other contaminants associated with the particles. The 
longer the residence time in the device, the more sedimentation will occur, because of the inverse 
relationship of settling velocity and particle size. Mechanisms removing dissolved pollutants 
(e.g., adsorption, ion exchange, precipitation) also depend on time to function effectively. 
Conventional BMPs are usually designed to treat runoff from the relatively frequent, small 
storms (e.g., 6-month frequency, 24-hour duration) and pass larger flows through rapidly or 
bypass them. The grounds for this practice are that these storms convey the great majority of the 
pollutant loadings, and targeting bigger storms requires increasingly larger treatment systems for 
diminishing benefits. The effectiveness reports here are a function of this design philosophy.  

The International Stormwater Best Management Practices Database, introduced above, is the 
best basis for characterizing conventional BMP effluent quality in terms of pollutant 
concentrations. For supporting material on intertational stormwater BMP, see Appendix 4F. In 
an exercise to compare conventional to ARCD treatment in lowering pollutant concentrations, 
this author compared the medians and 95 percent confidence intervals in Table F1 with the 
volume-weighted averages, irreducible minimums, and reliable maximums in Table 7 
summarizing the Seattle NW 110th Street Cascade’s performance, which is fairly typical in 
relation to other ARCD data cited above. These various statistics are, of course, not strictly 
comparable but do provide similar indicators of effectiveness and relative certainty. Table 13 
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shows the comparison in terms of when the conventional BMP concentrations were generally 
“higher,” “comparable,” or “lower” in relation to those in the natural drainage system effluent. 
There is no statistically quantitative basis underlying or implied in these ratings, simply a general 
overlap or deviation in one direction or another. Dissolved lead is not included because the 
influent to the cascade was generally below detection, differing from any entry in the database.  

The results provide a convenient means of comparing the conventional BMPs to one another and 
to a typical ARCD installation. Wet ponds and treatment wetlands are quite comparable to one 
another and the natural drainage system cascade in exhibiting the highest effluent quality. 
Somewhat less effective overall are media filters and conventional biofilters, with detention 
ponds and hydrodynamic devices showing the lowest performance.  

While this analysis indicated that it is possible to produce effluents with conventional practices 
of comparable quality to ARCD alternatives, the two comparable conventional types are 
essentially non-infiltrative. While they would provide an uncertain amount of evapotranspiration, 
they are unlikely to be comparable in mass loading reduction to a system that extracts the great 
majority of the surface runoff. Most media filters and all hydrodynamic devices use hard 
structural containments and offer no infiltration or transpiration and little evaporation.  

 

The California Department of Transportation (Caltrans 2004, Barrett 2005) performed an 
extensive study of conventional BMPs for highway applications. It was discovered that 
extended-detention ponds and biofiltration swales and filter strips infiltrated 30-50 percent of the 
influent, depending on soils and storm characteristics, giving an unanticipated boost to mass 
loading reduction, the statistical ranges of which are shown in Table 14. It should be noted that 
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these facilities were not designed to provide for water quantity control, nor were they evaluated 
for that function.  

These data can be compared with the mass loading performance of the NW 110th Street Cascade 
as shown in Table 6. All BMPs but the hydrodynamic device were fairly effective in cutting 
mass emissions of TSS and particulate metals. The wet pond and sand filters were at least the 
equals of the cascade in this regard. It should be noted that the Caltrans detention pond was 
designed for a 3-day holding time for the target storm, the longest generally used for this device; 
and it performed better than often reported elsewhere. The advantage of the greater flow volume 
reduction afforded by the cascade showed up more with respect to the dissolved metals and, 
especially, the nutrients, for which the cascade was estimated to remove 82-83 percent of the 
total nitrogen and phosphorus. Nevertheless, the generally better than expected performance of 
the Caltrans BMPs shows the way on how the most can be gained from conventional BMPs, a 
subject discussed below.  

 

Potential Advances in Conventional Practices  

The often limited or nonexistent infiltration and evapotranspiration occurring in non-infiltrative 
conventional stormwater practices limits their ability to achieve effective control over runoff 
quantity and pollutant mass loadings, even if they can be designed and built to attain relatively 
high contaminant concentration reductions. While sand and other media filters are often 
constructed with concrete vaults, they can also be established in earth or without a hard bottom. 
Indeed, Austin, TX, which pioneered one type of stormwater sand filter, promotes such a design 
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(City of Austin 1988) and has many such open-bedded filters. There are no technical limitations 
to amending soils to promote infiltration, a technique institutionalized in ARCD practice, in 
otherwise conventional detention basins, biofiltration swales and filter strips, and open-bedded 
media filters. Likewise, vegetation could be converted from the often monocultural (usually, 
grass) stand to more diverse forms in several canopy layers in detention ponds and biofiltration 
swales and filter strips. Such plantings are thought to give a boost to water storage, infiltration 
and ET. Treatment wetlands already often have such diversity, but the fringe of wet ponds could 
be planted in this way too.  

Advances in Industrial Stormwater Treatment  

As discussed above under the topic Special Considerations for Industrial Land Use, industries 
have source control and other ARCD options but will still sometimes have to treat runoff to meet 
water quality objectives. There have been recent advances in technology for these applications, 
documented in a peer-reviewed study growing out of a Puget Sound-area challenge by 
environmental groups to the general stormwater permit for boatyards. In settlement the 
contending parties and their technical representatives designed a study to determine the 
effectiveness of three treatment technologies in removing total suspended solids (TSS) and total 
and dissolved copper, lead, and zinc from boatyard runoff. Taylor Associates, Inc. (2008) 
conducted the study under contract to the parties, who managed it and reviewed and approved its 
results (Box 9).  

Box 9. Technologies investigated for the Boatyard stormwater treatment technology study.  

• StormwateRx® Aquip™—an enhanced filtration device consisting of a pretreatment 
chamber followed by a series of inert media that filter particulates and adsorb dissolved 
substances;  

• Siemens Water Technologies, Inc. Wastewater Ion Exchange System—a device 
consisting of an activated carbon chamber to remove organics followed by tanks 
containing ion exchange resins to remove specific ionic contaminants; and  

• Water Techtonics, Inc. Wave Ionics™ Electro-Coagulation System—a device applying 
electric current to coagulate particles so that they either sediment, if more dense than 
water, or rise to the top of the water column, if buoyant, for capture.  

Table 15 presents results for the first two technologies in Box 9, omitting those for the third, 
which was much less effective. Mass loading reductions would be similar to the concentration 
reductions in the table; because inflow and outflow quantities were essentially the same without 
infiltration and very little ET. The ion exchange unit was the more effective of the two 
treatments, especially in capturing zinc. Performance for copper was similar, but neither 
technology would guarantee meeting the water quality standard for that metal in Puget Sound or 
most of its freshwater tributaries at the discharge. After completion of the study StormwateRx® 
reached an agreement with Siemens to market their two systems together as a “treatment train” 
to gain the advantage of zinc capture and, probably, also somewhat reduce copper.  
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Strategies for Ubiquitous, Bioaccumulative, and/or Persistent Pollutants (BPT) 
Certain toxicants found in stormwater are very widespread (ubiquitous) and persist in the same 
or related toxic forms over an extended period in the environment. In some cases these 
contaminants concentrate in the tissues of living organisms (bioaccumulation). In others they 
persist because of being in chemical elemental form (e.g., metals), and hence are not degradable, 
or are organic but degrade slowly. Some ubiquitous, persistent pollutants are relatively soluble 
(e.g., copper, zinc) and are, consequently, difficult to remove from runoff by conventional or 
even advanced treatment techniques to a level protective of aquatic life.  

Box 10. BPT substances in stormwater identified by the NRC (2009) report.  

• Coal tar-based asphalt sealants, a common source of polycyclic aromatic hydrocarbons 
(PAHs), a group including carcinogens, mutagens, and otherwise toxicants;  

• Creosote- and chromated copper arsenate (CCA)-treated wood;  
• Zinc in tires, roof shingles, and downspouts;  
• Copper in brake pads and boat hull antifouling paints;  
• Various heavy metals in fertilizers; and  
• Road deicers, principally sodium chloride.  
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The NRC (2009) report pointed out that potentially less harmful substitutes exist or could likely 
be developed for many of these products, and also that federal legislation exists under with 
USEPA could restrict or ban them. Generally, this action is not happening, although the 
committee cited the bans on leaded gasoline and the pesticide diazanon as leading to documented 
large decreases in the environment. In the absence of federal action, some jurisdictions are taking 
action on the local level. For example, Austin, TX and Dane County, WI have banned coal tar-
based asphalt sealants. These actions suggest possible strategies for the Puget Sound region to 
consider in advancing the product-substitution source control under a broad ARCD program. 
Washington got a strong start in implementing this strategy in March 2010 by becoming the first 
state to phase out and eventually ban copper and other metal toxicants in brake pads, pending the 
governor’s signing the legislation11.  

These measures would address the threat of acute and chronic toxicity effects on aquatic 
organisms from metal and organic pollutants. They would contribute to Results Chain strategies 
RC6 (Stormwater) C2 generally and RC 7 (Wastewater) C1, specifically C1(2) (support 
Persistent Bioaccumulative Toxic program implementation)(Neuman et al. 2009).  

Construction Site Stormwater Management  

Land cleared of vegetation and not otherwise stabilized yields much more sediment compared to 
the original area well covered with plants and to the same area restablized with vegetative cover 
following construction. Both measurements and estimates using a mathematical model (Revised 
Universal Soil Loss Equation) indicate 30 to more than 1000 times as much soil loss after 
compared to before clearing (Novotny and Chesters 1981). Sediment discharge to receiving 
water bodies presents numerous threats, the delineation of which is beyond the scope of this 
chapter.  

Effective controls are availableto prevent erosion and sediment movement and cut soil loss to a 
very small fraction of the maximum potential. WDOE’s (2005) Volume II is a thorough 
compendium of those practices. However, these techniques are often not applied effectively. The 
NRC (2009) committee diagnosed the problem, at least in part, as a failure to recognize the most 
effective practices and apply them first if appropriate to the construction site’s circumstances. To 
address this problem the committee outlined a recommended approach that puts the numerous 
types of practices in a hierarchy (Box 11). The first priorities are practices that avoid erosion, 
followed by those that do not entirely prevent it but limit it greatly. Sediment trapping practices 
are the lowest priority, because they are not nearly as effective as the erosion prevention and 
limiting options, although they still should be considered as backups where risk of damaging 
sediment release still exists.  

These improvements to construction site stormwater management would likely addressthreats to 
salmon spawning and rearing habitat, aquatic food webs, and water quality in all downstream 
waters, including Puget Sound arising from the negative effects of eroded sediments and 
toxicants from construction materials, processes, and wastes. They would also contribute to 
Results Chain identified by Neumann et al. (2009).  

Box 11 Recommended Construction Site Stormwater Control Measures (after NRC (2009))  
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1. As the top priority, emphasize construction management practices as follows:  

• Maintain existing vegetation cover, if it exists, as long as possible.  
• Perform ground-disturbing work in the season with smaller risk of erosion, and work off 

disturbed ground in the higher risk season.  
• Limit ground disturbance to the amount that can be effectively controlled in the event of 

rain.  
• Use natural depressions and plan excavation to drain runoff internally and isolate areas of 

potential sediment and other pollutant generation from draining off the site, so long as 
safe in large storms.  

• Schedule and coordinate rough grading, finish grading, and final site stabilization to be 
completed in the shortest possible time overall and with the shortest possible lag between 
these work activities.  

2. Stabilize with cover appropriate to site conditions, season, and future work plans. For example:  

• Rapidly stabilize disturbed areas that could drain off the site, and that will not be worked 
again, with permanent vegetation supplemented with highly effective temporary erosion 
controls until achievement of at least 90 percent vegetative soil cover.  

• Rapidly stabilize disturbed areas that could drain off the site, and that will not be worked 
again for more than three days, with highly effective temporary erosion controls.  

• If at least 0.1 inch of rain is predicted with a probability of 40 percent or more, before 
rain falls stabilize or isolate disturbed areas that could drain off the site, and that are 
being actively worked or will be within three days, with measures that will prevent or 
minimize transport of sediment off the property.  

3. As backup for cases where all of the above measures are used to the maximum extent possible 
but sediments still could be released from the site, consider the need for sediment collection 
systems including, but not limited to, conventional settling ponds and advanced sediment 
collection devices such as polymer-assisted sedimentation and advanced sand filtration.  

4. Specify emergency stabilization and/or runoff collection (e.g., using temporary depressions) 
procedures for areas of active work when rain is forecast.  

5. If runoff can enter storm drains, use a perimeter control strategy as backup where some soil 
exposure will still occur, even with the best possible erosion control (above measures) or when 
there is discharge to a sensitive waterbody.  

6. Specify flow control SCMs to prevent or minimize to the extent possible:  

• Flow of relatively clean off-site water over bare soil or potentially contaminated areas;  
• Flow of relatively clean intercepted groundwater over bare soil or potentially 

contaminated areas;  
• High velocities of flow over relatively steep and/or long slopes, in excess of what erosion 

control coverings can withstand; and  
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• Erosion of channels by concentrated flows, by using channel lining, velocity control, or 
both.  

7. Specify stabilization of construction entrance and exit areas, provision of a nearby tire and 
chassis wash for dirty vehicles leaving the site with a wash water sediment trap, and a sweeping 
plan.  

8. Specify construction road stabilization.  

9. Specify wind erosion control.  

10. Prevent contact between rainfall or runoff and potentially polluting construction materials, 
processes, wastes, and vehicle and equipment fluids by such measures as enclosures, covers, and 
containments, as well as berming to direct runoff.  

Strategies for management of bacteria in stormwater  

The following are the conclusions from a review by (Horner and Osborne 2005) that is available 
as supporting information to this update (Appendix 4G).  

Two general methods exist to prevent or reduce shellfish bed contamination by urban stormwater: 
pollution source controls and runoff treatment. Source controls separate the points of pollution 
origin from contact with rainfall or runoff; if the separation is complete, they are 100 percent 
effective in preventing contamination. Runoff treatments attempt to remove pollutants already in 
runoff; they can reduce but cannot entirely prevent contamination, unless all runoff infiltrates the 
soil and only emerges to surface water after full pathogen die-off.  
The literature review investigated commonly used urban stormwater treatment techniques: 
constructed wetlands, ponds, media filters, vegetated filter strips and swales, and hydrodynamic 
devices. It also covered the small amount of information available on stormwater disinfection.  
Excluding disinfection, constructed wetlands yielded the best performance in terms of fecal 
coliform reduction efficiency and effluent quality. All other options reviewed, except 
disinfection, generally produced effluents with FC concentrations two to three orders of 
magnitude higher than the presumed target of ~101/100 mL. Ultraviolet disinfection has been 
shown, as would be expected, to lower concentrations below detection. However, it is the most 
logistically difficult and expensive option.  
Even with constructed wetlands, effluent FC concentrations were still generally an order of 
magnitude above the ~101/100 mL target. The major exception to this observation was the 
StormTreat system, a modular, manufactured constructed wetland on the commercial market, 
which reduced influent concentrations ranging 102-104/100 mL to a mean below detection.  
Kadlec and Knight (1996), in evaluating results from municipal wastewater treatment in 
wetlands, offered an important clue regarding why the StormTreat system can out-perform large, 
more naturalistic constructed wetlands in FC reduction. They concluded that constructed wetland 
outflow concentrations cannot consistently be reduced to near zero, or even close, without 
disinfection, if the wetland is open to wildlife. This point was also illustrated in the research of 
Grant et al. (2001) on the man-made Talbert Marsh, concluding that the seagull droppings were a 
direct source of FCs emerging from the marsh to the surf zone along Huntington Beach, CA. The 
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StormTreat units are not conducive to wildlife occupancy or access by domestic animals. The 
Caltrans (2004) experience with a constructed wetland in an urban freeway right of way adds 
evidence supporting this conclusion. This wetland was not easily accessible or attractive to 
wildlife and domestic animals. It exhibited the lowest bacterial effluent concentrations among 
the installations reviewed, although they were still considerably above the StormTreat levels.  
The StormTreat system thus would deserve serious further consideration for application in the 
Puget Sound region from the performance standpoint.  

Climate Change Relative to Stormwater Management  

Rosenberg et al. (2009) assessed the impact of climate change on Puget Sound’s stormwater 
infrastructure with predicted precipitation distributions and the Hydrologic Simulation 
Program—FORTRAN (HSPF) to simulate stream flow in two urban watersheds. They found that 
the range of precipitation projections is too large to predict effects on engineering design, and 
actual changes could be hard to distinguish from natural variability. Nonetheless, they suspected 
that the rainfall records of the past will not be a reliable design basis. As reported earlier, a shift 
toward higher cool-season and lower warm-season storm runoff is expected for the Puget Sound 
region. This pattern would tend to necessitate enlarging stormwater management facilities, but 
the extent of that need is not clear at this point.  

Synthesis of stormwater management strategies  

A leading theme of the NRC (2009) committee, and this segment of Chapter 4-2, is a 
comprehensive approach to stormwater management. A manifestation of that approach, now 
formalized in some stormwater programs around the nation, is a five-factor framework (DeBarry 
2004) built around management of:  

• A groundwater recharge volume;  
• A water quality volume;  
• A channel protection storage volume;  
• An overbank flood protection peak flow rate; and  
• An extreme flood protection peak flow rate.  

WDOE’s (2005) approach implicitly incorporates much of the philosophy but lacks a 
groundwater recharge element and treats channel protection in terms of duration instead of 
volume explicitly. Requirements are hence not set here for recharge and are needed to fill out the 
region’s strategy.  

DeBarry (2004) noted that the final two factors are easily managed using the traditional post- to 
pre-development peak rate match for the large, infrequent storms at issue. However, the first 
three, involving volume management, require a more innovative strategy, in particular one using 
ARCD methods. The strategies emerging from the assessment presented in this segment of the 
chapter can be approached from the five-factor model. Essentially, they boil down to making 
every attempt to meet the three volume (or duration) targets by selecting, as appropriate to the 
location being managed, ARCD practices from among those summarized in Table 5. The 
intention is to apply practices in a decentralized (i.e., close to the source), integrated fashion. If a 
full, scientifically based analysis shows that it is indeed impossible to meet the targets with these 
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practices, then one can turn to in lieu fees, trading credits, and/or conventional techniques to 
make up the difference. It was pointed out earlier that advances can be brought to bear on those 
conventional practices to raise their effectiveness, in part by adopting ARCD elements like soil 
amendment and more diverse planting. Data presented in this chapter (e.g., from the 2nd Avenue 
NW SEA Streets project) showed that it may even be possible in some instances to contribute 
strongly to meeting overbank and extreme flood protection requirements with these strategies.  

Three general key strategies arise from the review of ARCD and conventional stormwater 
management practices and the special topics:  

Strategy 1: As the principal basis of urban stormwater management, apply Aquatic Resources 
Conservation Design practices in a decentralized (i.e., close to the source), integrated fashion to 
new developments, redevelopments, and as retrofits in existing developments as necessary to 
meet established protection and restoration objectives. If a full, scientifically based analysis 
shows that it is indeed impossible to meet objectives with these practices, employ, first, in lieu 
fees or trading credits or, as a second priority option, conventional stormwater management 
practices according to Strategy 2.  

Strategy 2: Employ conventional stormwater management practices when Strategy 1 options do 
not fully meet objectives. Increase the effectiveness of conventional vegetation- and soil-based 
practices whenever possible by using ARCD landscaping techniques. Apply enhanced filtration, 
ion exchange, or a treatment train involving both in industrial situations when source controls 
and ARCD measures are insufficient to meet objectives.  

Strategy 3: Address special stormwater problems as follows:  

3A. Promote source control under a broad ARCD program by assessing ubiquitous, 
bioaccumulative, and/or persistent pollutants that can only be controlled well by substituting 
with non-polluting products and enact bans on the use of products containing those pollutants.  
3B. Improve construction site stormwater control by prioritizing, first, construction management 
practices that prevent erosion and other construction pollutant problems; second, practices that 
minimize erosion; and, last, sediment collection after erosion has occurred.  
3C. To counteract dispersed sources of pathogens that compromise shellfish production and 
other beneficial uses, implement strong source controls and treat remaining sources with 
subsurface-flow constructed wetlands, assuming additional research and development verifies 
the promise of that technique.  

Domestic Wastewater Issues and Strategies 
Introduction  

With municipal wastewater treatment plants now converted to a secondary level or treatment, the 
former problems associated with biodegradable organics in discharges are largely solved for 
collected wastewater (Box 12).  

Box 12. Issues concerning wastewater treatment addressed by WDOE (2008)  



April 2011 Puget Sound Science Update  Page 605  Puget Sound Partnership 

• Combined sewer overflow—discharge directly into a receiving water without treatment 
from a wastewater collection system designed to carry sanitary sewage and stormwater in 
a single pipe to a treatment facility, resulting from precipitation causing a high storm 
runoff quantity exceeding the plant’s capacity;  

• Sanitary sewer overflow—discharge onto the land surface or a water body when the 
capacity of a separate sanitary sewer is exceeded, normally during storm events due to 
unplanned inflow from the surface and infiltration from the subsurface;  

• Advanced municipal wastewater treatment—for constituents other than the solids, 
biodegradable organics, and pathogens, for which secondary treatment plants are 
designed, remaining as threats, principally nitrogen in the Puget Sound region but could 
also include phosphorus and toxic metals in some cases and may expand to include 
pharmaceuticals and other organic consumer products now emerging as concerns; and  

• On-site wastewater treatment— the general ineffectiveness of the conventional septic 
tank and drain field in preventing delivery of nitrogen and, to a lesser extent, phosphorus 
and pathogens to nearby receiving waters via subsurface flow.  

WDOE (2008) addressed each of those issues in a document intended to establish a consistent 
basis for the design and review of plans and specifications for sewage treatment works. Each 
subject represents a specialized technical field with many complexities and references of varying 
level available to address them.  

Combined Sewer Overflows  

Because of state actions under federal mandates, combined sewer overflow (CSO) interdiction 
programs have been underway in the Puget Sound region for a number of years, but remain 
incomplete. WDOE (2008) covers numerous techniques to address CSOs, prominently including: 
1) Institutional controls (e.g., sewer use ordinances, pollutant source pretreatment programs); 2) 
Source controls (e.g., ARCD water quantity and quality controls, conventional stormwater 
quantity and quality controls, construction site controls, catch basin cleaning); 3) Collection 
system controls (e.g., sewer separation, infiltration and inflow control, maximizing use of 
existing system, valves and other flow regulating devices, flow diversion); 4) Storage 
technologies(e.g., in-line storage, off-line near-surface storage. deep tunnel storage); 5) 
Centralized treatment technologies (e.g., use of excess primary treatment capacity during storms 
to obtain some treatment, addition of primary or secondary capacity); 6) On-site treatment (e.g., 
off-line near-surface storage and sedimentation, screening, vortex technologies, disinfection, 
dissolved air floatation, filtration).  

There are many considerations in selecting among the profuse alternatives, with cost being a 
leading one. With the documented cost savings usually accruing to ARCD methods relative to 
highly structural ones, there is growing interest in applying these techniques as retrofits in cities 
with combined sewers. The Center for Low Impact Development engaged in a two-phase project 
under Water Environment Research Foundation sponsorship to identify strategies for 
implementing decentralized ARCD controls for urban retrofits in general and CSO reduction in 
particular. Phase 1 of the project (Weinstein et al. 2006) demonstrated the technical feasibility of 
the concept by drawing on the experience of a number of early adopters using decentralized 
controls to complement their existing municipal stormwater and wastewater infrastructure. 
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However, institutional and programmatic issues required further study to broaden the use of a 
distributed, decentralized stormwater approach.  

The second phase of the project (Weinstein et al. 2009) evaluated implementation strategies for 
incorporating decentralized controls into an infrastructure management system. The distributed 
nature and multiple environmental benefits of decentralized controls necessitate an integrated 
and inter-departmental management approach. The Phase 2 report emphasizes policy and 
financing strategies, along with guidance for using common stormwater models to analyze 
decentralized controls. Case studies and programmatic and regulatory examples detail 
alternatives to expedite the adoption of decentralized controls. This work can be put to work in 
the Puget Sound region through the following key strategy:  

Key Strategy: Bolster incomplete combined sewer overflow reduction programs by using 
ARCD techniques identified for application in that setting to decrease stormwater flows.  

Sanitary Sewer Overflows  

Sanitary sewer overflows (SSO) are considered unauthorized discharges not covered by National 
Pollutant Discharge Elimination System (NPDES) permits, and must be reported as spills 
(WDOE 2008). SSOs are mostly a function of the condition of sewer lines and their ability to 
exclude infiltrating subsurface water at transition points in the system (e.g., pipe joints). While it 
can be expensive, the strategy for addressing this problem where it exists is relatively 
straightforward: trace the sources of excess water and repair leaks.  

Advanced Municipal Wastewater Treatment 
Background  

Starting with the removal of treatment plant effluents from Lake Washington about 50 years ago, 
the outfalls of all Puget Sound-area municipally operated plants discharging to fresh waters were 
moved to salt water. Over the past 30 years any plants with primary treatment (solids settling) 
only have been upgraded to a secondary level (adding biological decomposition of organics). 
These improvements have greatly reduced the problems associated with discharging relatively 
high solids and organics. However, secondary treatment leaves high concentrations of nitrogen 
(N) and phosphorus (P) present in the influent domestic wastewater and, if there are contributory 
sources, may also discharge metals and complex organic chemicals not well decomposed in the 
process.  

Nitrogen has become a particular concern in Puget Sound with the recognition of its role in 
reducing oxygen and stressing or killing fish. Secondary treatment reduces biochemical oxygen 
demand (BOD) from influent concentrations greatly but still leaves as much as 30 mg/L in the 
effluent. Material composing BOD also biodegrades and consumes oxygen. While N in the 
organic and ammonia or ammonium forms exerts an oxygen demand, the principal oxygen-
depletion mechanism is through eutrophication, which is algal-growth-promoted, mainly by N in 
nitrate form, which is readily taken up and used by algae. The usual initial by-product of organic 
decomposition in the normally circumneutral pH of natural water is ammonium ion, with the 
ammonia form, toxic to aquatic life, very suppressed except at high pH. The ammonium converts, 
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in the bacterial-mediated process called nitrification, first to nitrite-N and then, quickly in well 
aerated waters, to nitrate-N.  

Treatment processes can enhance nitrification and make it more complete. Such processes must 
be aerobic, in the presence of oxygen. Once nitrate forms, though, it can only be further 
converted in a process mediated by anaerobic bacteria, capable of living only without oxygen, 
termed denitrification, where the end product is nitrogen gas. Full conversion of nitrogen from 
wastewater to an innocuous substance can only be performed through the sequence of 
nitrification-denitrification, thus requiring a sequence of opposite oxygen environments.  

The growth of marine algae is generally limited by an insufficient supply of N in relation to 
available carbon and P. In other words, if that deficiency should be relieved by the inflow of 
nitrogen in wastewater, the limitation is relaxed, more primary production occurs, and algal 
biomass builds up in the eutrophication syndrome. If favorable growth conditions change (e.g., 
temperature and light decrease with the onset of autumn), cells die in large numbers and are 
decomposed by aerobic bacteria, taking dissolved oxygen from the water. The high P content of 
wastewater can reinforce eutrophication, by supplying P should it become limiting in the 
presence of very abundant N. P is also the limiting nutrient in fresh waters more often than N. 
While municipal treatment plants are no longer a concern in the eutrophication of Puget Sound’s 
fresh waters, on-site treatment systems and small packaged treatment plants are.  

Municipal treatment plants impose pretreatment requirements on industrial dischargers to limit 
the influent heavy metals, which are toxic to aquatic life in varying degrees. While these plants 
generally have no particular processes designed to remove metals, particulate settling and 
incorporation in sludge reduce their concentrations. Municipal plants remain sources, but metals 
enter receiving waters in other important pathways, particularly via stormwater runoff and 
atmospheric deposition.  

Domestic wastewater also contains a host of chemicals present in pharmaceuticals, cosmetics, 
cleaning products, industrial materials, etc. that are variably removed in secondary treatment. 
These chemicals are just emerging as concerns and not much is known yet about their quantities, 
environmental dynamics, and effects on organisms in the receiving water.  

Advanced Municipal Treatment Options and Their Effectiveness and Relative Certainty  

Advanced wastewater treatment, often termed tertiary treatment, can be accomplished by a 
number of technologies, which can be combined in different ways depending on treatment 
objectives, wastewater characteristics, plant configuration, and costs. This review concentrates 
on well developed methods that can potentially address major threats to Puget Sound and 
advance PSP Action Agenda and Results Chain strategies. We report primarily on nitrogen (N) 
and to a lesser extent, phosphorous (P) and heavy metals. While the most advanced technologies 
generally address all classes of pollutants, specific study of their effectiveness in removing 
emerging chemicals from waste streams is very sparse at this point.  

According to the perhaps most authoritative textbook in the field, Metcalf and Eddy (2003), there 
are 12 recognized classes of physical and chemical processes for the removal of the general 
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range of residual contaminants in treated wastewater effluents. There are also various biological 
techniques to reduce N and P, which are complicated by the alternating aerobic-anaerobic 
environments that must be produced for the initial nitrification step followed by denitrification. 
There are many permutations of the treatment system in both suspended- and attached-growth 
forms. The system can be set up in separate chambers, although it is possible for the processes to 
proceed in the same tank with different oxygen environments in different parts of it (Metcalf and 
Eddy 2003). Filtration can be added to improve nitrogen removal over what is possible with 
nitrification-denitrification. Depending on the process selection and operation, total N in the 
effluent can be reduced to a concentration of 3-10 mg/L (Metcalf and Eddy 2003).  

The typical biological P removal system has an anaerobic reactor ahead of an activated-sludge 
aeration tank, with activated sludge recycling from the secondary clarifier to the head of the 
process and, in some designs, an intermediate reduced-oxygen chamber (Metcalf and Eddy 2003). 
Anaerobic organisms in the first vessel accumulate complex forms of P and release simplified, 
more directly usable forms like orthophosphate, which are incorporated into cell tissue in the 
aerobic reactor and subsequently settled out. A total P effluent concentration of ≤ 2 mg/L can be 
attained through biological treatment alone (Metcalf and Eddy, Inc. 2003). In a survey of 23 
advanced municipal wastewater treatment plants nationwide, USEPA (2007c) found that a 
concentration as low as 0.3 mg/L was often attained. The same survey established that addition 
of aluminum- or iron-based coagulants to wastewater followed by tertiary filtration can reduce 
total P concentrations in the final effluent to near or below 0.01 mg/L. Combined systems can be 
designed to treat for both P and N.  

Among the 12 classes of available physical and chemical treatment alternatives, membrane 
technologies represent the best combination of a relatively high state of development and 
treatment versatility, including removal of both N and P (Metcalf and Eddy 2003). The primary 
membrane applications and their abbreviations and filter pore sizes as designated by the Water 
Environmental Federation (WEF 2006) are: (1) low-pressure membranes- microfiltration (MF) 
and ultrafiltration (UF), (2) nanofiltration (NF), and (3) reverse osmosis (RO). A membrane 
bioreactor (MBR) is a combination of suspended-growth activated sludge secondary biological 
treatment with MF or UF replacing the conventional secondary clarifier, either submerged in the 
bioreactor or placed in a subsequent unit. The arrangement can precede discharge or serve as 
pretreatment for highly advanced NF or RO follow up (WEF 2006).  

Table 16 gives a membrane technology performance summary for the contaminants of most 
concern in the Puget Sound ecosystem. MF following conventional secondary treatment does not 
improve overall performance as much as the MBR configuration. In comparison to the purely 
biological treatments covered above, capable of achieving total N and P concentrations of 3-10 
and 0.3-2 mg/L, respectively, MBR is comparable or a slight improvement for N and somewhat 
better for P. Adding RO to MF or UF conveys major performance advantages at increased cost. 
Based on the data presented above, coagulant addition and filtration can improve P removal even 
more, although without nearly as much advantage for N reduction.  
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The reverse osmosis system is also effective in metals removal. Reported effluent concentrations 
(all as total recoverable metals in µg/L) are: arsenic—< 2 – 5, cadmium—< 1 – < 10, 
chromium—< 10 – < 50, and mercury—< 0.2 – < 2 (WEF 2006). These concentrations would be 
sufficiently low to meet or approach fresh and marine water receiving water quality standards at 
the discharge point (i.e., without dilution).  

Synthesis of Strategies  

If nitrogen discharge from a municipal treatment plant is a serious threat, reverse osmosis tertiary 
treatment with highly efficient filtration as a pretreatment is the most effective and certain 
solution (Metcalf and Eddy 2008, WEF 2006). The same solution can apply to phosphorus and 
toxic metals. However, if phosphorus alone is the problem, then coagulation and tertiary 
filtration appears to offer an equivalent or possibly even better solution. That latter situation is 
not likely to occur in the Puget Sound region though.  

Key Strategy: If nitrogen discharge from a municipal treatment plant must be reduced below 1 
mg total nitrogen/L to remove a threat to marine dissolved oxygen resources, apply reverse 
osmosis tertiary treatment with highly efficient filtration as a pretreatment. If analysis 
demonstrates that a lesser reduction will suffice, apply membrane bioreactor treatment.  

The nitrogen-reduction strategy supports Results Chain strategies RC 7 (Wastewater) C1, 
specifically C1(8) and C1(9) (remediation actions to address low dissolved oxygen); and C3, 
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specifically C3(1) (advanced wastewater treatment), C3.1.1 (improved nitrogen removal at 
wastewater treatment plants), and C3.4 (technologies that reduce nutrients) (Neuman et al. 2009).  

On‐site Wastewater Treatment  

On-site wastewater treatment refers to systems treating effluents, most often domestic, from a 
single building or a small cluster. A typical conventional on-site treatment system consists of a 
septic tank and a soil absorption field (drain field). The septic tank functions as an anaerobic 
bioreactor promoting partial digestion of organic matter and solids settlement. The drain field 
distributes septic tank effluent through perforated pipes into the soil for additional biological 
processes, adsorption, and filtration before infiltration of the water to groundwater.  

These systems work well if they are installed in areas with appropriate soils, hydraulic capacities, 
and separation from groundwater; designed and installed properly; maintained in good operating 
condition; and replaced when necessary to maintain performance. These criteria are often not 
met, however. Only about one-third of the United States land area has soils suitable for 
conventional on-site systems (USEPA 2002). In addition, septic tanks and drain fields are 
frequently not large enough for the flows from modern houses, system densities sometimes 
exceed the capacity of even suitable soils to effectively process waste, and installations are too 
close to ground or surface waters. As a consequence failure rates are known to be high but are 
difficult to establish precisely for a number of reasons, including varying definitions of failure. 
The failure rate in Washington is estimated at 33 percent (USEPA 2002).  

The main consequences of failure are contamination of groundwater, surface waters, or both by 
nitrates, phosphorus, and/or disease-causing bacteria and viruses. Table 17 summarizes the 
performance capabilities of a well-functioning conventional drain field. It is evident in the table 
that the conventional system can produce a BOD as low as or even lower than secondary 
treatment.  
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In contrast to P, soils do not have a similar capacity for N, which is mostly in the highly soluble 
ammonium form in a septic tank effluent. Nitrification is rapid in the aerobic environment of the 
soil, with the result that nitrate, also highly soluble and at a very elevated concentration, makes 
up most of the total N moving out from the drain field (USEPA 2002). The nitrate can penetrate 
to groundwater, where it can be a health risk if the water is drawn for potable supply. 
Methemoglobinemia, (“blue baby syndrome”) is the most well-established effect, but others are 
suspected (Washington State Department of Health 2005). As Table 17 shows, conventional 
systems are highly efficient in reducing disease-causing organisms, represented by fecal 
coliforms, an indicator organism present with numerous pathogens in sewage. However, the 
numbers are so high that even strong removal can leave counts in the many thousands for each 
100 mL of water. Failed systems would do far worse yet. As with nitrogen, waters are threatened 
by pathogen-contaminated groundwater and surfacing effluent, especially from installations near 
the shore.  

Advanced On‐site Treatment Options and Their Effectiveness and Relative Certainty  

Advanced treatment categories and specific examples put forth by Jantrania and Gross (2006) 
include aerobic treatment units, media filters using such substances as sand, peat foam and 
textiles, natural systems such as treatment wetlands and greenhouses, waterless toilets and 
disinfecting systems using UV light or chlorination.  

Aerobic treatment units are essentially miniature versions of devices commonly used in 
municipal secondary treatment plants. Numerous packaged units are on the commercial market 
for small-scale applications. Given their process similarity to larger scale secondary treatment, 
their effluent quality is also similar: approximately 15-35 and 1-10 mg/L total N and P, 
respectively. Since they normally discharge to soil, additional reductions are possible there. 
However, since the reason to use such an option is often poor soils, further capture may not be 
much. Pathogens are not greatly reduced by secondary treatment, or the miniaturized aerobic 
treatment units, alone and require disinfection if soil or other conditions make pathogens a threat 
to receiving waters.  

Media filters are normally placed between a septic tank and drain field. The most common are 
sand filters in single-pass or recirculating form. Packaged units with sand and other media are 
available on the market. Table 18 gives reported performance data (USEPA 2002).  
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There is a great deal of literature on treatment wetlands for municipal wastewater treatment, 
generally in relative small communities. These reports can give further insight on what might be 
possible to achieve in on-site treatment wetlands. The summary data (USEPA 2000) show that 
only systems with open water can achieve much nitrogen reduction, to < 10 mg total Kjeldahl 
N/L. With a long hydraulic retention time (up to 15 days), effluent can be maintained at < 1.5 mg 
total P/L. As discussed above, pathogen reduction is expected to be better with a submerged-bed 
wetland (without a free water surface), but this configuration would be disadvantageous for 
nitrogen removal. Nevertheless small treatment wetlands appear to offer promise of effluent 
quality roughly comparable to discharges from aerobic treatment units and media filters (USEPA 
2000).  

The Washington State Department of Health (WSDOH 2005) reviewed specific on-site nitrogen-
reducing technologies for WDOE. The review concluded that biological nitrification-
denitrification is the only process that has been demonstrated to be technically and economically 
feasible for on-site applications. The process must be structured to manage the alternating 
aerobic/anaerobic environments required for the two steps. The aerobic phase can be 
accomplished by a variety of aerobic treatment units or media filters. The anoxic phase requires 
addition of organic carbon to nourish the bacteria. One option is to recycle nitrified wastewater 
back through the septic tank, where the anaerobic, high carbon environment can facilitate 
denitrification. Another is to provide a separate denitrification chamber and external carbon 
source.  

Numerous non-proprietary (public domain) and proprietary (patented) systems exist to provide 
these functions. USEPA and the National Sanitation Foundation have collaborated on an 
Environmental Technology Evaluation protocol to test and verify the performance of these 
systems (WSDOH 2005). Six technologies have completed the testing and exhibited total N 
effluent concentrations in the range 14-19 mg/L. An additional nine products have been tested in 
USEPA demonstration projects and reported a wide range of 2-83 mg total N/L in effluents. The 
NITREX™ system, a processed wood fiber media filter13, showed the best performance, 
discharging 2.0-2.4 mg/L, but was tested at only two installations (WSDOH 2005).  

Synthesis of Strategies for Controlling Wastewater  

The reported results show that a specialized solution must be sought if nitrogen is the threat to be 
countered. A reasonable strategy for the Puget Sound region would be to test further the 
available system(s) exhibiting the best results in limited assessments. It would not be appropriate 
to adopt any generic type of system, as different versions of a general technology type have 
exhibited varying performance. It would also not be appropriate to adopt a promising system that 
has not been thoroughly tested under regionally prevailing conditions.  

If pathogens are a threat, it is highly likely that no system designed for nitrogen removal will 
reduce them sufficiently; and disinfection will be necessary. Since small-scale disinfection is not 
very well developed, additional research and development work will be necessary in this area.  

Phosphorus is a threat to lakes with heavily inhabited shorelines using conventional on-site 
systems. The review did not reveal as much work to address P with advanced treatments as 
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appeared for N. The limited results available do not indicate alternatives that can lower 
concentrations to the levels that affected lakes would need for substantial water quality 
improvement. Lake eutrophication from on-site systems is a localized problem in comparison to 
the more broadly distributed threats from nitrogen and pathogens discharged to marine waters 
with oxygen depletion and shellfish bed contamination.  

As an alternative to the continuing on-site treatment, with presently developed advanced 
treatment options of only limited effectiveness relative to the treatment need to meet 
environmental objectives, would be to construct sewers and a municipal treatment plant where 
on-site systems are a leading threat. However, it would be essential to apply this strategy in such 
a way that it did not lead to additional development, the storm runoff from which could undo 
progress made from eliminating on-site wastewater discharges.  

Key Strategy: If discharges from on-site wastewater treatment systems are a serious threat to: (1) 
marine dissolved oxygen resources as a result of nitrogen; or (2) shellfish production or contact 
recreation as a result of pathogens, assess as possible solutions: (1) construct sewers and a 
municipal treatment plant, with advanced treatment for nitrogen if that is the threat, to replace 
problem on-site systems; or (2) apply advanced on-site treatment, tested and verified to reduce 
the problem sufficiently to remove the threat (note: at this point more testing is required for both 
on-site nitrogen removal systems and small-scale disinfection).  

Strategies to Manage Agricultural Activities for Water Quality Protection 
Best Management Practice Guidance  

Best management practices are available to serve virtually every agricultural function. The 
Natural Resources Conservation Service (NRCS) of the U.S. Department of Agriculture has 
codified them in the National Handbook of Conservation Practices (NHCP, NRCS 2007b), 
containing more than 165 practices. For each BMP the NHCP presents a standard and a 
conservation practice physical effects (CPPE) worksheet. The conservation practice standard 
contains information on why and where the practice is applied and sets forth the minimum 
quality criteria that must be met during its application for it to achieve its intended purpose(s). 
The CPPE worksheet provides guidance on how the application of the practice will affect the 
resources (soil, water, air, plants, animals and human) and the concerns associated with each of 
those resources. It reflects the best estimate of the effects, either positive or negative, of the 
practice on the resource concerns. For many practices there is also a conservation practice 
information sheet and a job sheet. The information sheet contains a photograph of the installed 
practice, a definition or description, where it is commonly used, and a brief, qualitative 
description of its conservation effects when it is properly applied. The job sheet provides detailed 
guidance on the application of the practice and has worksheets that can be used to document the 
practice plan and design for a specific site. The NHCP cautions that the standards themselves 
should not be used to plan, design, or install a conservation practice; instead the specific 
analogous standard developed by the state in which the agricultural site is located should be 
consulted to insure that all state and local criteria are met. The Washington State Department of 
Agriculture’s website14 provides some related guidance, but the department apparently has not 
comprehensively revised the NHCP practices.  
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Mostaghimi et al. (2001) summarized 18 commonly used practices from the NHCP and two 
other emerging ones (integrated pest management and precision farming). Each BMP is 
described and assessed for its impact on the physical, chemical, and biological processes that 
control the generation and transport of pollutants. Each practice is classified in two ways: (1) 
purpose (source reduction, transport interruption, or a combination), and (2) mechanism 
(managerial, structural). Next, each account covers the situations and pollutants for which the 
practice is appropriate. A third section discusses any negative effects and limitations. Finally, the 
presentation suggests combinations of practices that can synergize effectiveness. This book 
chapter is a useful adjunct to the NHCP.  

Special Considerations for Nutrient Management Pertinent to Puget Sound  

As pointed out earlier, N is generally the nutrient limiting, and therefore controlling, algal 
growth in marine waters; while P usually plays that role in fresh waters. However, relieving a 
limitation with excess supply of one nutrient can switch control to the other and stimulate algal 
growth further. This eutrophication process yielding high algal production results in a number of 
problems in the affected water. Oxygen depletion caused by the death and decay of marine algae 
stimulated by nitrogen supply is the issue of greatest prominence now in the Puget Sound region. 
Relative to the interplay between these two nutrients, some important considerations in selecting 
and applying agricultural BMPs have emerged in the research literature.  

Based on up to 30 years of experimental and monitoring data from a Pennsylvania watershed, 
Pionke et al. (2000) found that most of the surface runoff and P export originated from areas near 
the stream. About 90 percent of the form of P most available to algae exported in outflow was 
generated during the largest seven annual storms. In contrast, nearly all N was exported in the 
nitrate form and originated as subsurface flow entering the soil or groundwater some distance 
from the stream. These flows occurred during non-storm flow periods. Heathwaite et al. (2000) 
estimated the primary P-yielding zone to constitute < 20 percent of the total contributing area, 
while the upland N-generating areas were around 60 percent, in locations of well-draining soils 
and high fertilizer and manure application. The researchers concluded that strategies for 
managing P should focus on the few larger storms and relatively small critical source areas 
(Heathwaite et al. 2000). Conversely, strategies for N control depend more on balancing nitrogen 
application over the watershed. Without integrating strategies, solving one water quality problem 
can aggravate another. For example, practices applied to reduce surface runoff and P export by 
increasing infiltration will typically increase groundwater recharge and nitrate leaching.  

Sharpley et al. (2001) took observed that the small areas disproportionately exporting 
phosphorus are located where high soil P, or P application in mineral fertilizer or manure, 
coincide with high runoff or erosion potential. They argued that the overall goal of efforts to 
reduce P loss to water should involve balancing P inputs and outputs at farm and watershed 
levels by optimizing animal feed rations and land application of P as mineral fertilizer and 
manure, targeted to relatively small but critical watershed areas for P export. These authors 
elaborated on the need to manage N and P together, citing more examples of how practices 
directed toward one can enlarge a problem with the other. For example, basing manure 
application on crop N requirements to minimize nitrate leaching to groundwater can increase soil 
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P and its export. In contrast, reducing surface runoff losses of total P via conservation tillage can 
enhance N leaching and even increase algal-available P transport (Sharpley et al. 2001)  

Sharpley et al. (2001) also advocated development of a technically sound framework that 
recognizes critical sources of P and N export so that optimal strategies at farm and watersheds 
scales can be implemented to manage both together in the best way. One approach is to employ a 
phosphorus index to target its management toward critical P-source areas and apply N-based 
management on all other areas. As reported by Sharpley et al. (2003), the P indexing approach 
has been adopted by 47 states. The index ranks site vulnerability to P loss by accounting for 
source (soil test P, fertilizer, and manure management) and transport factors (erosion, runoff, 
leaching, and connectivity to a stream channel). Some states have modified the index to reflect 
local conditions and policies. Careful consideration must be given to the potential long-term 
consequences of N management on P loss and vice versa.  

Lowrance et al. (1984) provided early support, but also qualification, on the value of a riparian 
buffer between agricultural fields and streams. They studied a subwatershed of the Little River, 
Georgia, 1568 ha (3872 acres) in area, with 30 percent riparian forest; 41 percent row crops; 13 
percent pasture; and 16 percent roads, residences, fallow land, and other uses. They estimated 
nitrogen and phosphorus retention by the riparian buffer at 68 and 30 percent, respectively, of the 
inputs. Soils of the riparian ecosystem presented ideal conditions for denitrification: high organic 
matter from input of forest litter; seasonal waterlogging leading to anaerobiasis; and large inputs 
of nitrate-N in subsurface flow. Denitrification outputs alone were enough to remove all of the N 
inputs from upland fields to the riparian zone. The lack of an analogous process limited P 
retention.  

The results from Lowrance et al. (1984) point out the particular importance of tributary riparian 
buffers to interrupt nitrogen transport to N-limited marine waters. However, the findings 
regarding P export originating mainly near streams indicate that riparian buffers can also play a 
larger role in stemming discharge of that nutrient than indicated by the modest 30 percent 
retention, not from interrupting transport but from excluding agricultural operations where they 
have the greatest potential to yield P to the receiving water (Lowrance et al. 1984).  

Strategy Effectiveness for Nutrient Management and Relative Certainty  

The NRCS National Handbook of Conservation Practices (NHCP) gives qualitative indications 
of practice effectiveness but not the quantitative data needed for objective comparisons among 
options. USEPA’s (2003c) National Management Measures for the Control of Nonpoint 
Pollution from Agriculture partially fills this gap, drawing on the extensive but uncoordinated 
research on the performance of some of the many NHCP practices. The USEPA document 
covers BMPs for nutrient management, pesticide management, erosion and sediment control, 
animal feeding operations, grazing management, and irrigation water management.  

Synthesis of Strategies  

NRCS’s NHCP is an exhaustive compendium of practices available to prevent or reduce 
contamination of water, and the USEPA (2003c) manual is one source of quantitative 
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effectiveness and relative certainty data. Relative to the particular concern with eutrophication, 
the research literature offers a clear and conclusive strategy for integrated management of 
nitrogen and phosphorus sources.  

Key Strategy: Upgrade the implementation of established agricultural best management 
practices, especially where agricultural runoff is: (1) a eutrophication threat as a result of 
nitrogen (N) and/or phosphorus (P); or (2) a threat to shellfish production or contact recreation as 
a result of pathogens. Manage nitrogen and phosphorus in concert by: (1) employing a 
phosphorus index to target management of critical P source areas, generally near receiving 
waters; and (2) applying N-based management to all other areas. Maintenance of riparian buffers 
advances both facets of the strategy by keeping agricultural activities out of the potentially most 
critical P production area and providing a sink for N to capture the majority of it before it can 
enter the water.  

Further work is needed to institutionalize this strategy in watersheds subject to the negative 
impacts of eutrophication and, in general, to provide more directed guidance on the full range of 
contaminant issues to Puget Sound agricultural concerns.  

Forestry Water Pollution Sources and Control Strategies 

The potential for sediment delivery to streams is a long-term concern from almost all forestry 
harvesting activities and from forest roads regardless of their level of use or age (i.e., for the life 
of the road). Other pollutants, generally of somewhat shorter concern, include nutrients, 
increased temperature, toxic chemicals and metals, organic matter, pathogens, herbicides, and 
pesticides (USEPA 2005). Forest harvesting can also affect the hydrology of a watershed, with 
potential to degrade aquatic ecosystems. Forestry activities can also affect the aquatic habitats 
through physical disturbances caused by construction of stream crossings, equipment use within 
stream corridors, and placement of slash or other debris generated by forestry activities within 
streams. Negative impacts and conditions vary with location and water body type, but in general 
the ecological conditions that management measures and BMPs are intended to protect include 
the following (USEPA 2005) (Box 11):  

Box 11. Attributes of watersheds that best management practices put forth by the USEPA 
(2005) are intended to protect.  

• General water quality, by minimizing inputs of polluted runoff;  
• Water temperature, by ensuring an adequate (but not excessive) and appropriate amount 

of shade along shorelines and stream banks;  
• Nutrient balance, by providing for an adequate influx of carbon and nutrients that serve 

as the basis of aquatic food chains;  
• Habitat diversity, by ensuring that inputs of large organic debris to the aquatic system are 

appropriate for the system; and  
• Hydrologic processes, by limiting disturbances to stream flow patterns, both seasonal and 

annual.  
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As with the segment on agriculture, we present only a brief summary of strategies available to 
reduce water pollution from forestry activities. Again, numerous practices have been developed 
and well institutionalized to control the full range of activities. This review generally describes 
the system existing in Washington and sources of best management practice information. With 
no attempt at comprehensiveness here, further detailing could be a follow up in a future edition 
of the Puget Sound Science Update.  

This account addresses PSP Results Chain strategies RC6 (Stormwater) C2, specifically C2.8 
(private stewardship and incentives for pollution prevention). Forestry activities are both private 
and public, under the jurisdictions of the U.S. Forest Service and the Washington Department of 
Natural Resources.  

Strategies to Manage Forestry Activities for Water Quality Protection: Best Management 
Practice Guidance  

Modern management of forestry in relation to water resources in Washington stems from 1986, 
when Tribes, the timber industry, the state, and the environmental community decided to try to 
resolve contentious forest practices problems through negotiations as an alternative to 
competitive lobbying and court cases. This process resulted in the first Timber Fish Wildlife 
(TFW) agreement in 1987.  

Over the years of TFW operation, regulation and management of forestry for the protection of 
water resources became well developed in Washington. Forest Practices Rules 15 , a compilation 
of 15 chapters of the Washington Administrative Code (WAC), establish standards for forest 
practices such as timber harvest, pre-commercial thinning, road construction, fertilization, and 
chemical application (Title 222 WAC). They give direction on how to implement the Forest 
Practices Act (chapter 76.09 Revised Code of Washington [RCW]) and Stewardship of Non-
industrial Forests and Woodlands (chapter 76.13 RCW). The rules are designed to protect public 
resources such as water quality and fish habitat while maintaining a viable timber industry. They 
are under constant review through the adaptive management program. The Washington 
Department of Natural Resources’ (WDNR) Forest Practices Board Manual16 is an advisory 
technical supplement to the forest practices rules. It consists of 26 sections containing the BMPs 
for the full slate of forestry activities and detailed guidance for their proper implementation.  

Listing of certain species of Pacific salmon as endangered or threatened resulted in a new round 
of TFW activity in the late 1990s. The interagency caucus formed issued the Forests and Fish 
Report17 to the Forest Practices Board and the Governor’s Salmon Recovery Office presenting 
recommendations for the development and implementation of rules, statutes, and programs for 
the protection and recovery of salmon. The general goal was to develop biologically sound and 
economically practical solutions to protect and improve riparian habitat on non-federal forest 
lands in the state, known as the “forestry module” for Washington’s Statewide Salmon Recovery 
Strategy. This report does not outline BMPs per se but has influenced their development and 
adoption.  
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Strategy Effectiveness and Relative Certainty  

The Forest Practices Board Manual does not provide data on the effectiveness and relative 
certainty of the BMPs covered. However, substantial performance data have been compiled in 
federal and state reports. USEPA’s (2005) National Management Measures to Control Nonpoint 
Source Pollution from Forestry gives such data for many practices associated with pre-harvest 
planning, streamside management, road construction and subsequent management, harvesting, 
forest regeneration, fire management, revegetation, chemical application, and wetlands 
management. The TFW Cooperative Monitoring, Evaluation, and Research Committee 
sponsored three performance studies during the 1990s. Rashin and Grabin (1992) assessed 
riparian management zone regulations for protection of stream temperature. Rashin and Grabin 
(1993) covered BMPs for aerial application of forest pesticides. Finally, Rashin et al. (1999) 
reported on the performance of forest road and timber harvest practices. These works provide a 
basis for the following key strategy.  

Key strategy: Upgrade the implementation of established forestry best management practices to 
protect stream water quality and hydrology in the vicinity of forestry activities and minimize the 
delivery of pollutants from those activities to downstream receiving waters, including Puget 
Sound.  

Footnotes:  

1 http://www.epa.gov/owow/watershed/whatis.html  

2 http://water.usgs.gov/GIS/huc_name.html#Region17  

3 http://www.merriam-webster.com/dictionary  

4 http://water.washington.edu/Outreach/FactSheets/lwd.pdf  

5 http://www.ecy.wa.gov/programs/sea/wetlands/wfap/  

6 Stormwater control measures, also known as best management practices (BMPs)  

7 This account is adapted from NRC (2009) and was originally written for that report of the 
author of this section  

8 http://www.epa.gov/nps/lid/#guide  

9 http://www.lowimpactdevelopment.org/publications.htm#LID_National_Manuals  

10 
http://www.seattle.gov/util/About_SPU/Drainage_&_Sewer_System/GreenStormwaterInfrastruc
ture/NaturalDrainageProjects/index.htm  

11 http://www.bmpdatabase.org/  
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12 http://daily.sightline.org/daily_score/archive/2010/03/09/wa-approves-first-copper-brake-pad-
ban  

13 http://www.deschutes.org/deq/nitrex.htm  

14 http://agr.wa.gov  

15 http://www.dnr.wa.gov/BusinessPermits/Topics/ForestPracticesRules/Pages/fp_rules.aspx  

16 
http://www.dnr.wa.gov/BusinessPermits/Topics/ForestPracticesRules/Pages/fp_board_manual.as
px  

17 http://www.dnr.wa.gov/Publications/fp_rules_forestsandfish.pdf  
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Marine and Estuarine Protection and Restoration Strategies 

This section focuses on the scientific basis for a suite of marine, nearshore, and estuarine 
protection and restoration strategies. The strategies addressed come from a number of sources 
including the Puget Sound Partnership Action Agenda (PSP 2009), the Puget Sound Nearshore 
Ecosystem Restoration Project (e.g., Clancy et al. 2009), and other existing state, federal, and 
tribal programs. The strategic topics addressed in this section are generally grouped by 1) Puget 
Sound water quality and 2) physical habitat protection, restoration, and management processes. 
Each strategy is evaluated on its scientifically demonstrated effectiveness, level of certainty, 
and/or gaps in science-based knowledge, based on thorough review of the literature. The 
strategies include ways to comprehensively manage/integrate all natural processes and human 
activities that involve salt and freshwater (infiltration, recharge, surface runoff, collection, 
storage, diversion, transport and use), effluent, wastewater treatment, point and non-point 
pollution, spills, and discharge at appropriate temporal and spatial scales, many of which are 
covered in Section 3. The ultimate goal is to replicate and maintain as much as possible the 
functional characteristics (quality, quantity, rates, connectivity) of the natural system at all 
appropriate scales, times, and places.  

1. Background 

There are two primary sources of water flowing into the Puget Sound: tidally driven marine 
water mixing in from the Pacific Ocean and freshwaters entering from rivers, streams, surface 
flow, and groundwater discharge. Rivers and streams at times deliver excessive nutrients, 
sediments, toxic contaminants, pathogens, and freshwater to Puget Sound. Watershed protection 
and restoration strategies are intended to result in improved water quality of freshwater rivers 
and streams entering Puget Sound estuaries and marine waters. These topics are covered in 
Section 3 and will not be repeated here. Therefore, water quality topics addressed in this section 
apply only to surface runoff, groundwater discharges, and effluents that drain directly into 
estuaries or marine waters along Puget Sound shorelines and to other water quality issues in 
Puget Sound proper, many of which are also covered in Section 3.  

Nutrient Loading  

WDOE High Nitrogen Study (WDOE 2008) summarizes the nitrogen input pattern for southern 
Puget Sound (see Chapter 2A and Section 3 of this Chapter).  

Contaminant Loading  

Some areas of Puget Sound have excessive contaminants in the water and sediments. The array 
of contaminants in Puget Sound includes heavy metals, PAHs, PDBEs, PCBs, dioxins, phthalates, 
pharmaceuticals, cosmetics, and other personal care products (Hart Crowser, Inc, et al. 2007). 
The primary sources of contaminants in Puget Sound are from surface runoff, atmospheric 
deposition, industrial and municipal waste waters, combined sewer overflows (CSOs), and direct 
spills (Hart Crowser, Inc., et al. 2007; see Chapters 2A and 3 of the PSSU).  
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Because of the challenges associated with reducing sediment contaminant loads in deep water, 
we focus on reducing the amount of contaminants delivered to Puget Sound. General strategies 
include reducing contaminants in treatment plant effluents, preventing contaminants spills, and 
cleaning up known sources of contamination.  

One strategy that could help to reduce contaminant loading is to use a toxic loading inventory to 
guide loadings reduction strategies (e.g., Paulson et al. 1989, Hart Crowser, Inc. et al. 2007, 
EnviroScience Corp. et al. 2008). Many restoration strategies for reducing contaminant inflows 
are similar to those for reducing nutrient loads (e.g., wastewater treatment, reducing storm water, 
on-site treatment). Toxic spill prevention and cleanup are additional strategies that pertain to 
contaminants.  

Improving Wastewater Treatment Plants that Drain Directly into Estuaries or 
Puget Sound 

Wastewater treatment has a long history, based initially on common sense. The first treatment 
systems consisted primarily of flushing waste away from human population centers with water 
flow, often downstream to larger rivers and ultimately marine waters. We now know that when 
effluent is highly concentrated, not dispersed by tidal currents, and/or contains high 
concentrations of deleterious constituents, problems arise in the human and natural environment 
(e.g., Malins 1984, McCain et al. 1988). Effects of wastewaters on Puget Sound have been 
discussed in previous Puget Sound science update sections and the majority of wastewater 
treatment restoration strategies have been discussed in Section 3. In this section we discuss 
wastewater protection and restoration strategies that are either not covered in Section 3 or are 
particularly relevant to Puget Sound proper. They are: 1) Combined sewer overflows 2) 
Programs to address heavy nutrient loading of South Puget Sound and Hood Canal. 3) Reducing 
toxic loads in Puget Sound, 4) Preventing and reducing the effects of wastewater constituents 
that are not fully treated such as pharmaceuticals, cosmetics, cleaning products, industrial 
materials, etc. and 5) Water reuse as a restoration strategy.  

Municipal and industrial wastewater treatment plants discharge effluent directly into Puget 
Sound in a number of locations, most notably West Point in Seattle, Snohomish Estuary and Port 
Gardner in Everett, and Budd Inlet in Olympia and others. These facilities receive much of the 
Puget Sound area municipal waste waters as well as permitted industrial effluent. Industrial 
facilities typically have systems customized to their waste products and sometimes discharge to 
municipal systems following pre-treatment. The treatment systems remove the majority of solids, 
biodegradable organics, and pathogens from the wastewater but they do not eliminate the high 
nitrogen loads from the effluent, nor do they fully remove many other toxics constituents such as 
heavy metals, pharmaceuticals, and PAHs, among many others (for details, see 
http://www.ecy.wa.gov/programs/wq/permits/northwest_permits.html). See Section 3 for a 
complete review of municipal wastewater restoration strategies.  

Expanding and updating wastewater treatment facilities 

The Puget Sound action agenda emphasizes need for expanding and updating wastewater 
treatment facilities (PSP 2009). The benefits from this restoration strategy have been described in 
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Section 3. The essence of this restoration strategy is to implement wastewater technology that 
maximizes the concept of secondary and tertiary treatment, including removal of all constituents 
that occurred effluent greater than background levels. The action agenda has prioritized 
expansion and updating of wastewater treatment facility at the highest level (PSP 2009).  

Advanced Wastewater Treatment Nutrient Reduction 

Reduction of anthropogenic nitrogen loads in Puget Sound will depend on a combination of 
treatment approaches that include advanced wastewater treatment in plants that discharge into 
both rivers and Puget Sound proper. The details of advanced wastewater treatment are addressed 
in Section 3.  

Contaminant Reduction  

Heavy metals and other contaminants (e.g., PAHs, PDBEs, PCBs, dioxins, phthalates) are known 
to be accumulating in Puget Sound (Hart Crowser, Inc., et al. 2007, EnviroScience Corp. et al. 
2008). Wastewater treatment only partially removes contaminants, depending on the process 
used and the target contaminant.  

Some treatment processes remove heavy metals in varying degrees. The advanced treatment 
process of reverse osmosis system is effective in removing some metals, such as arsenic, 
cadmium, chromium, and mercury to safe levels (WEF 2006). New technologies hold promise 
for future improvements in heavy metal removal from effluents (e.g., Sayari et al. 2005), but the 
applications of these improvements in Puget Sound treatment plants is unclear1.  

The relative treatment efficiencies for pharmaceuticals and personal care products (PPCPs) at 
five municipal wastewater treatment plants (WWTPs) in the Pacific Northwest were evaluated 
by Lubliner et al. (2010) and found to be mixed. Wastewater influent, secondary effluent, tertiary 
effluent, and biosolids were sampled. Four of the five WWTPs discharge within the Puget Sound 
watershed. Two of the plants provide secondary treatment, and three employ advanced (tertiary) 
treatment for nitrogen and phosphorus removal. Two of the plants produce tertiary-treated 
reclaimed water. Target analytes included 172 organic compounds (PPCPs, hormones, steroids, 
semi-volatile organics). Newly approved EPA methods were used to measure PPCPs, hormones, 
and steroids at low concentrations. Removal efficiencies were evaluated for each analyte at the 
five WWTPs. Secondary treatment alone achieved high removals for hormones and steroids. 
Approximately 21% of the 172 analytes were reduced to below reporting limits (i.e., 79% were 
not) by conventional secondary treatment, whereas 53% were reduced to below reporting limits 
by at least one advanced nutrient-removal technology. Roughly 20% of the 172 analytes (mainly 
polycyclic aromatic hydrocarbons) were found only in the biosolids and not the wastewater 
samples, so some analytes were clearly concentrating in the biosolids. Three PPCPs 
(carbamazepine, fluoxetine, and thiabendazole) were relatively untreated by the surveyed 
WWTP technologies. These three PPCPs may serve well as human-influence tracer compounds 
in the environment. Overall, the screening study indicates that (1) there are differences in PPCP 
removal between the WWTP processes and (2) advanced nutrient reduction and tertiary filtration 
may provide additional PPCP removal (Lubliner et al. 2010). A summary of the Department of 
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Ecology program for control of toxic pollutants in Puget Sound is found at 
http://www.ecy.wa.gov/programs/wq/pstoxics/index.html.  

Combined Sewer Overflows  

Combined sewer overflows (CSOs) are a concern because untreated wastewater and stormwater 
may be discharged to Puget Sound during large storms posing risks to public health and the 
environment. Details on strategies for reducing CSOs can be found in Section 3.  

Linking outlet quantities with nutrient and contaminant dispersal  

One strategy for reducing the effects of wastewater effluents on receiving waters has been to 
relocate discharge pipes into areas that are more conducive to dispersal. When discharges enter 
shallow, closed embayments with low flushing rates there is a tendency for contaminants and 
nutrients to build up. There is substantial scientific and technical basis for the strategy of locating 
outfalls at locations and depths that maximize diffusion and therefore minimize physical and 
biological effects of high concentrations of nutrients and contaminants.  

A further subcomponent of outfall relocation is to use the various permutations of diffusers 
and/or depth as techniques to increase dispersal of effluent. This is done by expanding mixing 
zones, and hence enabling increased total toxic pollutant load, through engineered changes to 
effluent outfalls (e.g., lengthening of discharge outfalls by adding diffuser ports). Outfalls have 
advanced from simple open-ended pipes not far from shore to long outfalls with large multiple-
port diffusers discharging in deep water. An example of this in Puget Sound is the extreme 
dimensions of King County’s Brightwater project outfall: extending one mile offshore, at 600 
feet deep, off of Point Wells in Puget Sound (see 
http://www.kingcounty.gov/environment/wtd/Construction/North/Brightwater.aspx). However, 
in other locations, outfalls have been constructed with much greater dimensions such as in 
Boston where one outfall is 9.4 miles long, 24.2 feet in diameter, including a 6,600 foot long 
diffuser section with 55 vertical risers, each with 8 discharges ports (NRC 1993).  

The design of diffusion ports also has an important effect on the potential concentration of 
contaminants, especially in the sediments. Diffusers that lie on or near the bottom sediments will 
tend to concentrate certain contaminants more readily than diffusers that have vertical risers. The 
performance of a variety of diffuser configurations can be evaluated via a modeling environment 
(e.g., Roberts et al. 1989).  

The optimal placement and configurations of effluent outfalls can be determined in concert with 
the interplay of ambient current patterns using models (e.g., Baumgartner et al. 1994, Frick 
2003). In Puget Sound, such analyses could be conducted for both existing and proposed outfalls 
to determine the best locations and engineering design for either new outfalls or to retrofit 
existing outfalls.  

Caution should be raised in terms of restoring water quality in Puget Sound through effluent 
relocation and redesign alone since this would likely result in simply expanding contamination 
into new areas of Puget Sound bays and estuaries. Restoration will therefore depend on a 
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combination of reducing toxic constituents, nutrient loads, and total volume of effluent, as well 
as appropriate strategic placement and design of outfalls. The reduction of wastewater loading to 
Puget Sound is currently part of the Action Agenda (C3), but there is no specific reference to 
relocating or redesigning outfalls commensurate with state-of-the-art outfall design (PSP 2009).  

On‐site Wastewater Treatment  

This topic has been covered extensively in Section 3 but it is important to note that on-site 
wastewater treatment is a critical restoration strategy for Puget Sound proper, especially in 
certain areas where high nutrient loads are contributing to nitrification such as southern Puget 
Sound and Hood Canal2.  

Reclaimed water  

An important emerging strategy relative to wastewater treatment that may be important for the 
health of Puget Sound and its watersheds is water reclamation1. The basic concept is to clean 
water sufficiently so that it can be used in municipal, agricultural, and industrial processes or 
infiltrated back into the natural system. One of the main benefits of reclaiming water is that 
ultimately less total water may be needed for human use, thereby freeing water that can remain 
in streams for fish and other aquatic life, as well as recreation.  

Potential Effectiveness and Uncertainties in Wastewater Management 

There has been extensive research on the effects of wastewaters on marine waters, and 
substantial review of the effectiveness of wastewater treatment on freshwaters (see Section 3), 
but less research has been conducted on the effectiveness of wastewater treatment in marine 
waters. From a marine ecosystem health perspective, the ultimate goal is to reduce nutrients and 
contaminants to safe levels. It may be technically possible to eliminate harmful constituents from 
wastewater; the few exceptions include processes for reducing some heavy metals and some 
pharmaceuticals and personal care products -- more research is clearly needed in this area3. 
Nevertheless, the key question is whether the return on the investment will be effective. The 
certainty that these activities will be technically effective is very high. The uncertainty comes 
from policy decisions, availability of funding, and fully functioning monitoring program that can 
determine if recovery goals are being met.  

Programs to Reduce Stormwater Run‐off Directly into Estuaries and Puget 
Sound 

As discussed in Section 3, stormwater can deliver heavy loads of nutrients, pathogens, toxic 
contaminants, and sediment to Puget Sound bays and estuaries, adding significantly to the total 
loads from all sources. Mercury, PCBs, flame retardants, and other persistent chemicals are 
found throughout Puget Sound where they they can bioaccumulate and transfer through the food 
web (see Chapter 2A of the Puget Sound Science Update and Section 3 of Chapter 4).  
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Accidental or Long‐term Contaminant Spills 
Programs and regulations that prevent shoreline‐ and boat‐based accidental contaminants 
spills  

The most obvious strategy for protecting marine waters against contamination from accidental 
spills of toxic substances is through spill prevention. There are numerous specific spill 
prevention activities. Many have focused on preventing bulk oil spills but others pertain to 
hazardous chemicals in transit, industrial use, wastewater from system shutdown or storm 
overflow and fuel spills from marine accidents. Particularly insidious are small, gradual, chronic 
releases of contaminants from diverse sources.  

In Puget Sound, the major spill prevention programs are coordinated by the Department of 
Ecology4. Critical aspects of the program are preparedness, pre-booming, a system for advanced 
notification of oil transfer, containment requirements, spill drills, and the Puget Sound Safety 
Plan. Each one of these components plays a role in prevention, but some of them, like 
preparedness and response, also comprise the system for responding to spills when they happen 
(and are therefore addressed below).  

The Puget Sound Harbor Safety Plan includes guidance to avoid a variety of navigational risks 
and hazards including aids to navigation, advanced notice of arrival, automatic identification 
system, required charts, emergency response communications, fishing net conflicts resolution, 
naval vessel protection zones, avoidance of marine sanctuaries, pilotage, and small vessel and 
marine that management (Puget Sound Harbor Safety Committee 2008). The Plan also includes 
Standards of Care that, taken together, all lead to safer operational conditions that can prevent 
the likelihood of marine contaminant spills. The Plan addresses procedures for anchoring, 
operations near bridges, bunkering, equipment failures, heavy weather, hot work, lightering, 
propulsion loss prevention, restricted visibility, tanker escort operations, towing vessel 
operations, and under-keel clearance (Puget Sound Harbor Safety Committee 2008).  

Enforcement of spill prevention regulations is an integral part of successful spill prevention. 
Another quasi-enforcement concept that probably lends itself to spill prevention is public 
recognition of corporations as good citizens (e.g., Konar and Cohen 1997). The Department of 
Ecology Spill Prevention Program also includes guidance to limit discharges of unwanted 
materials from cruise ships and guidelines for ballast water management to protect from invasive 
species.  

Clean‐Up of Contaminants  

Cleanup ranges from major EPA Superfund sites to clean up of minor spills. In some cases 
hazardous materials have been on-site for decades and have been or will be cleaned up and sites 
remediated while contemporary spills are usually cleaned up immediately or soon after spills.  

Effectiveness of cleanup generally depends on 1) the amount of product released, 2) the 
contaminants were released, 3) chemical composition of the hazardous materials, 4) the specific 
technology of cleanup for each contaminant, 5) effectiveness of the cleanup technology, 6) the 
area or extent of the spill, and 7) the dispersal modes and rates (e.g., Etkin 2009).  
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Depending on the contaminants toxins involved and who caused the spill and where it occurred, 
contemporary cleanup response is managed by a coordinated effort of federal, state, tribal, and/or 
local agencies and the private sector. Basic policies for this coordination are set forth in the 
National Incident Management System (NIMS) of FEMA5. Spills anywhere in the country can 
be reported through the National Response Center6. In Washington, the response system is 
stepped down to the Department of Ecology's Incident Command System (ICS)7.  

Spill preparedness involves a continuous cycle of activities, capturing lessons learned and then 
incorporating them back into plans, policies and procedures. The cycle is necessary to promote 
coordination among a combination of the variety of entities involved, all using the ICS. Spill 
preparedness includes the following topics8:  

• Contingency Plans. The Washington Administration Code (WAC 173-182) requires 
certain oil handling facilities, pipelines, and vessels to have a state-approved oil spill 
Contingency Plan that ensures their ability to respond to major oil spills.  

• Oil spill drills enable response personnel to become knowledgeable and proficient in the 
strengths and weaknesses of plans, equipment and procedures. Oil spill drills are 
scheduled in advance on the area drill calendar. Ecology tracks drill progress over a three 
year cycle and has prepared a drill manual to assist in meeting the requirements of the 
drill program.  

• Primary Response Contractors (PRCs) are private companies or cooperatives that are in 
partnership with Plan holders to act as required response support teams. To be cited by a 
plan holder, the contractor must apply and be approved by the Department of Ecology. 
The PRCs have equipment and crews that are trained and equipped to mitigate leaks and 
spills when they occur. The need to respond as soon as possible, with trained operators 
and systems of equipment that are enhanced for maximum effectiveness, is critical to 
increase the opportunity for on-water recovery and reduce shoreline oiling.  

• Geographic Response Plans (GRPs) are site-specific response plans for oil spills to water. 
They include response strategies tailored to a specific beach, shore, or waterway and 
meant to minimize impact on sensitive areas threatened by the spill. Each GRP has two 
priorities, which are to: 1) Identify sensitive natural, cultural or significant economic 
resources; and 2) Describe and prioritize response strategies.  

• Incident Command System (ICS) is a standardized on-scene emergency management 
system specifically designed to allow its user(s) to adopt an integrated organizational 
structure equal to the complexity and demands of single or multiple incidents, without 
being hindered by jurisdictional boundaries.  

• PRC equipment maps depict the location of oil spill response equipment that is owned 
and operated by the state’s approved response contractors or oil spill contingency 
planners (industry). The maps include the locations of booms and skimmers and the 
capacity of each.  

• Trajectory Analysis Planner (TAP) is a computer-based tool that investigates the 
probabilities that spilled oil will move and spread in particular ways within a particular 
area. TAP does this by assessing hundreds of site-specific spill trajectories. The Puget 
Sound TAP Technical Document describes the TAP methodology and trajectory 
modeling behind TAP, as well as the accuracy and limitations of TAP.  
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Once a spill occurs, the progress of response and cleanup is tracked on the Department of 
Ecology's Spills website (http://www.ecy.wa.gov/programs/spills/incidents/main.html). The 
scientific basis of contaminant cleanup is extensive, especially for spilled petroleum products; 
there is less extensive scientific guidance for cleaning up other contaminants. Several key books 
on the extensive science of oil’s effects on the environment, spill prevention and preparedness, 
and the techniques of cleanup are Lane (1995), Cormack (1999), and Ornitz and Champ (2002).  

Clean‐up of historic marine/estuarine industrial toxic waste sites  

There are a wide variety of toxic cleanup sites that affect Puget Sound. Some include 
contaminants that were released years ago and the others are from more recent spills or chronic 
pollution problems. Because of the wide variation in on-site conditions and the contaminants that 
require cleanup, the cleanup process at each location is engineered case-by-case. In some 
locations, a bay-wide approach is taken to clean up, especially for toxins that were delivered 
from multiple sources but deposited in the sediments of the same area. Under the Puget Sound 
Initiative (PSI), the Department of Ecology has prioritized certain bays and organize cleanup in 
some locations by the bay-wide approach. The PSI includes all toxic waste sites within 1/2 mile 
of Puget Sound.  

In the Puget Sound, the US EPA has the lead on federally-listed hazardous waste sites and 
Ecology has the lead on state clean up sites. There are many steps between discovery of a toxic 
site requiring cleanup and the final cleanup including initial investigation, site hazardous 
assessment, site ranking and listing, emergency actions if necessary, feasibility study, cleanup 
action plan, engineering design, cleanup construction, cleanup operation and maintenance, 
environmental covenants, periodic reviews, and finally, removal from hazardous sites list. The 
physical core of this restoration strategy is the construction phase (i.e., actions taken at a site to 
eliminate, render less toxic, stabilize, contain, immobilize, isolate, treat, destroy, or remove a 
hazardous substance). These generally include construction activities such as removal of 
contaminated soils or sediment for off-site treatment or disposal; pumping and treating of 
contaminated ground water; sealing off contaminated soils or sediment beneath a cap or barrier; 
the addition of chemicals or enhancement of the growth of microorganisms that break down 
contaminants in place9; etc. Specifics of each toxin remediation project can be found on the 
Department of Ecology’s website10.  

Other critical considerations in toxic cleanup as a restoration strategy are the legal process and 
financial responsibility. The process for identifying responsible parties and coming to agreement 
on cleanup costs can be long and arduous. In addition to federal laws, basic legal vehicles for 
cleanup enforcement and associated Washington Administrative Code references are cited on the 
Department of Ecology website11.  

Creating new habitat as part of hazardous waste cleanup is a restoration strategy that can add 
environmental and social benefit during recovery. One local example is at the Commencement 
Bay Asarco Superfund site where NOAA fisheries worked to include habitat features with the 
site remediation process. EPA supports the related Brownfields program that is designed to 
create new habitats and mediated sites pre-building development especially for community 
benefits12.  
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The scientific basis for toxic waste clean-up is extensive, but somewhat lacking in many 
technical areas. Several key books about scientific cleanup techniques and technologies are NRC 
(1995), Boulding (1996), Sellers (1998), and Lehr et al. (2001). NRC (1995) primarily evaluated 
current management practices and technologies for cleanup. They also cite, among the many 
technical challenges to be overcome in managing contaminated sediments, are an inadequate 
understanding of the natural processes governing sediment dispersion, the bioavailability of 
contaminants, and technical difficulties involved in sediment characterization, removal, 
containment, and treatment. Sellers (1998) is a comprehensive guide for numerous hazardous 
waste site cleanup procedures. Lehr et al. (2001) cover many of the techniques for cleanup of 
environmental hazards in marine waters and adjacent shorelands. EPA's Innovative Technologies 
section publications website contains references to a plethora of technical documents to guide 
remediation13.  

Effectiveness of Spill Management  

Effectiveness of remediating the legacy of toxic waste sites is often difficult to determine. In 
many cases when historically contaminated sites are remediated the process is only partially 
effective (NRC 2007). For example, depending on the on-site cleanup requirements and methods, 
some sites are "capped," the contaminants are left in place but the exposure pathway to 
environmental receptors is eliminated (e.g., Breems et al. 2009). However, in some cases a 
gradual leaching of contaminants into local groundwater (e.g., Wong et al. 1997) or surface 
water may occur that could result in releases local estuarine or marine waters.  

The NRC Committee on Sediment Dredging at Superfund Megasites (2007) defined dredging 
effectiveness as the achievement of cleanup goals defined for each site, which take the form of 
remedial-action objectives, remediation goals, and cleanup levels. They also presented a 
framework to facilitate the evaluation of effectiveness of environmental-dredging projects at 
contaminated sediment sites. Their review found that evidence for dredging projects leading to 
achievement of long-term remedial action objectives, and within expected or projected time 
frames, is generally lacking (NRC 2007).The NRC Water Science and Technology Board (1988) 
also examined the criteria for achieving certain degrees of water quality in the areas of cleanup 
sites.  

Physical Habitat Protection and Restoration Strategies 

Protecting and restoring the physical integrity and ecological functionality of Puget Sound 
habitats provides the physical, chemical, and biological templates necessary for healthy fish and 
wildlife populations, as well as natural coastal ecosystems for human benefit. There are a variety 
of physical habitat protection and restoration strategies that can be applied to Puget Sound 
subtidal, intertidal, and shoreline marine and estuarine habitats. PSNERP has identified 21 
management measures for implementing nearshore ecosystem restoration recognizing that (1) the 
measures can be capital projects, regulation,incentives, or education and outreach, and (2) the 
measures contribute to ecosystem recovery viaprotection, restoration, rehabilitation and 
substitution/creation (Clancy et al. 2009).These habitat measures can generally be divided into 
protection and restoration strategies.  
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Protection strategies  

A key group of strategies includes the variety of regulatory and private activities that tend to 
protect habitats from degradation or to allow them to naturally recover their ecological function 
(Clancy et al. 2009). Although the initial costs of protection can be high, once the habitats are 
protected, the ongoing maintenance costs are often relatively low. Therefore, it is often 
preferable to protect currently functioning ecosystems or to protect somewhat degraded 
ecosystems from further degradation, allowing them recover. In some cases, it will be preferable 
to combine protection of the created habitats with restoration measures to speed recovery 
(Clancy et al. 2009).  

Marine and estuarine shorelines and intertidal protection  

There are a number of federal, state, tribal, local, and private programs designed to permanently 
protect estuarine and marine shoreline and intertidal habitats (subtidal marine protected areas are 
addressed below). These programs are increasingly being applied around the margins of Puget 
Sound. This strategy addresses PSNERP Management Measure 15, “Property Acquisition and 
Conservation” (Clancy et al. 2009). The PSP lists the protection of intact lands and resources as a 
strategic priority in the Action Agenda for Puget Sound (PSP 2008). The Puget Sound Salmon 
Recovery Plan (Shared Strategy 2007) highlights the importance of permanently protecting 
existing physical habitat as a key strategy for recovering Puget Sound Chinook (Clancy 2009).  

The goal of marine and estuarine shorelines and intertidal protection is to preserve the ecological 
integrity of shoreline and intertidal habitats for the benefit of fish and wildlife species. It is likely 
that the highest functioning coastal and intertidal preserves will blend a variety of habitats, from 
upland forests through scrub or brush patches, beaches and/or rocky coastlines, and into the 
intertidal zone. At times, this transition distance may be relatively short when it occurs on 
steeper slopes or it may be much longer if the upland topography is relatively flat and/or the 
intertidal zone is broad. Clancy et al. (2009) review the variety of acquisition and protection 
processes as well as the various types of land and resource preservation. They also list the 
benefits and opportunities created by property acquisition and conservation.  

Some of the metrics that could be used to decide what areas should be protected and, 
subsequently how well they are functioning as protected areas, include: the relative importance 
or critical nature of habitat types, reserve size, connectivity of migratory corridor, reducing 
threats to restored areas, andprotecting rare or sensitive species; Several specific property 
acquisition, protection, and conservation programs are explored further below.  

National Estuary Program  

The National Estuary Program (NEP), which was established by Congress in 1987 in 
amendments to the Clean Water Act. Its primary objective is to protect estuaries of national 
significance that are threatened by degradation caused by human activity. The program is 
administered by the US Environmental Protection Agency which provides funding and technical 
support to local NEPs. Local NEPs must be collaborative, locally driven entities that address the 
complex and competing issues facing the water body14 .  
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Puget Sound is one of 28 nationally recognized estuaries in the NEP. The PSP Action Agenda is 
recognized by the NEP as programmatically focused on the same goals for Puget Sound as the 
NEP is. This EPA program is an important vehicle for federal funding to implement the PSP 
Action Agenda.  

Estuarine reserves  

The National Estuarine Research Reserve (NERR) program is designed to provide some level of 
preservation and protection to local estuaries of significance. There is one NERR in Puget Sound 
at Padilla Bay in Skagit County, encompassing over 11,000 acres of tidelands and marshlands. 
The Padilla Bay NERR15 is managed cooperatively by the Washington Department of Ecology 
and NOAA. While most of the reserve is given sufficient protection to maintain ecological 
integrity, the NERR does not necessarily provide full protection and preservation, since many 
non-destructive uses are allowed, as governed by applicable state and federal laws. The various 
levels of protection are described in the Padilla Bay NERR management plan (Padilla Bay 
NERR 2008).  

Beyond functionally protecting the designated estuary, Reserve staff work with local 
communities and regional groups to address natural resource management issues, such as non-
point source pollution, habitat restoration and invasive species. Through integrated research and 
education, the reserves help communities develop strategies to deal successfully with these 
coastal resource issues.Guidance for the possible creation of additional NERRs16 in Puget Sound 
can be found in several references (e.g., Kennish 2004,).  

Regulations for protecting biological integrity  

Government agencies and jurisdictions have implemented a plethora of laws, regulations, and 
guidelines designed to protect natural habitats along Puget Sound shorelines and estuaries. These 
regulations are targeted at both public and private lands. On private lands the regulations are 
designed to control the overuse or abuse of natural habitats. They address bulkheads, dredging, 
filling, docks, and beaches17.  

Programs for shoreline adoption, clean up, habitat enhancement and monitoring by citizen 
groups  

Local and regional citizen volunteer groups have created programs for volunteers to help cleanup 
and maintain Puget Sound shorelines. For example, the Puget Soundkeepers Alliance regularly 
organizes clean-up days18.  

Effectiveness and certainty of estuarine and shoreline protection  

Programs and regulatory processes that preserve, protect, and limit access to natural coastal 
habitats are considered to be among the best possible protection and restoration strategies. This is 
because they protect the best habitat at what is perceived to be a lower-cost than what it would 
cost to restore habitat after its damaged (Clancy et al. 2009). However, there apparently is little 
specific research on the relative effectiveness of habitat protection as compared to restoration. 
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This may be partly because the scientific community generally assumes that undisturbed 
ecosystems are automatically preferable to alter or restored habitats. Interestingly, there are many 
examples of species taking advantage of altered habitats such as the explosion of Caspian terns 
nesting on dredge spoil islands near the mouth of the Columbia River (e.g., USFWS 2005).  

With the recent focus on ecosystem-based management of natural resources, there has been an 
upswing in research attempting to substantiate the connection between healthy critical habitats 
and species success. For example, several recent papers have explored the connection between 
the size and critical nature of habitat and the production of the species (e.g., Langton et al. 1996, 
Langton and Auster 1999).  

Marine‐protected subtidal areas  

Marine protected areas (MPAs) have been applied in various settings around the world to either 
permanently protect critical and sensitive habitats or to temporarily allow habitat and faunal 
recovery from over-use. Implementation of MPAs has been viewed as a precautionary 
management strategy that protects functional attributes of marine ecosystems (Murray et al. 
1999). Washington has 127 MPAs managed by eleven federal, state, and local agencies. These 
sites occur in Puget Sound and on the outer coast and cover approximately 644,000 acres and 
over six million feet of shoreline (Van Cleve et al. 2009). Twenty-six percent of the state’s 
marine waters and 27% of the state’s shorelines are included in the boundaries of MPAs (Van 
Cleve et al. 2009). The locations of many Puget Sound MPAs are shown at 
http://wdfw.wa.gov/fish/mpa/puget_sound/index.htm. Interested parties can also access GIS 
coverage layers of MPAs at http://wdfw.wa.gov/fish/mpa/puget_sound/gis_data.htm. There are 
also many other de-facto MPAs, such as in marine state parks, Department of Natural Resources 
submerged aquatic lands, etc. See also http://mpa.gov/helpful_resources/states/washington.html, 
for helpful links to Washington MPAs.Other resources include:  

Marine Protected Areas in Washington: Recommendations of the Marine Protected Areas Work 
Group to the Washington State Legislature http://wdfw.wa.gov/publications/pub.php?id=00038  
Marine Protected Areas in the Puget Sound Basin A tool for managing the ecosystem 
http://www.vetmed.ucdavis.edu/whc/seadoc/pdfs/gaydosetal_05_mpas.pdf  

MPAs are variously applied with a range of restrictions, from full protection in some MPAs, to 
limitations of certain activities in others. These protective measures have been demonstrated to 
provide excellent benefits by protecting natural areas from destructive overuse and for promoting 
recovery of damaged benthic habitats. They also support recovery of sessile demersal species or 
infauna, as well as benthic and demersal territorial fish species. For example, Halpern (2003) 
found in a review of 89 studies on MPAs that almost all biological metrics improved inside 
reserves, either compared to before reserve establishment or in comparison to similar areas 
outside the reserves. It must be noted, however, that whether perceived degradation of marine 
ecosystems can be reversed via establishment of an MPA may depend on the timescale of 
interest, and on whether fundamental new ecological processes have taken hold after a 
disturbance ends (Palumbi et al. 2008).  
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While improvements have been clearly observed within reserve boundaries (Halpern et al. 2003), 
the potential effects of reserves increasing dispersal of juveniles and adults to areas outside the 
reserves are less clear. Modeling results suggest that reserve networks may have the potential to 
enhance fishery yields under a surprisingly large number of circumstances (Gaylord et al. 2005). 
In at least one specific study, local dispersion and retention of molluscan shellfish larvae within 
and near a reserve network enhanced recruitment to local fisheries, although the effects were 
spatially explicit (Cudney-Bueno et al. 2009). In an Alaskan study of ling-cod, field results 
supported models indicating that populations increased within reserves and those populations 
supported increased recruitment to nearby fishing areas (Starr et al. 2004).  

Scientific debate has ensued over whether MPAs, as a fishery management tool, result in 
improved fishery production compared to traditional methods. This is seen to depend largely on 
the interplay between the 1) target species, 2) nature of the larval, juvenile, and adult dispersal 
patterns, 3) the longevity and age at first spawning, 4) population abundance structure, 4) size of 
the reserve, 5) interactions between differentially affected taxa and 6) the length of time the 
reserve is imposed (Halpern et al. 2003, Botsford et al. 2003, Starr et al. 2004, Ruckelshaus et al. 
2009).There are implications that traditional management techniques, such as size limits, seasons, 
and bag limits, are only partially effective at managing slow growing, late maturing, and 
territorial species such as rockfish and lingcod (Palsson 2001). Allison et al. (1998) concluded 
that MPAs were most effective when combined with other, more traditional management tools.  

Application in Puget Sound  

Several reviews have been done on the extent and implementation of MPAs in Puget Sound 
(Murray and Ferguson 1998, Palsson 2001, Van Cleve et al. 2009), but none of these are 
scientifically rigorous studies of their effectiveness. MPAs have been shown to be effective in 
certain other areas (e.g., Halpern et al 2003) and appear, at least preliminarily, to be effective in 
Puget Sound. The oldest Puget Sound MPA was established at Edmonds in 1970 and, as of 2001, 
had 15 times as many copper rockfish, as comparable nearby fished areas (Palsson 2001). 
Lingcod were also twice as abundant and were 50% bigger on average, than at nearby fished 
sites (Palsson 2001). Even if reserves are relatively small, they can still have benefits to areas 
outside of the reserve boundaries. For example, lingcod nests were 3 times as abundant in one 
Puget Sound MPA than in surrounding fished areas (Palsson 2001). The higher production of the 
MPA creates a dispersal mechanism to surrounding harvest areas.  

Other needs for the best application of MPAs include the incorporation of fishing behavior, such 
as fishing just outside the reserve boundary (Kellner et al. 2007), into the management scheme 
that includes MPAs, as well as considerations of vertical zoning in application of MPAs (Grober-
Dunsmore et al. 2008). Ultimately, the optimal management schemes, at least for fisheries 
management, will likely include some combination of MPAs and other management practices 
(Allison et al. 1998).  

Potential Effectiveness of Marine Protected Areas  

MPAs embrace the fundamentals of ecosystem-based management by protecting ecosystems or 
portions thereof (Ruckelshaus et al. 2008). There are numerous scientific analyses of MPA 
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performance to generally support their use in habitat and species protection and restoration (e.g., 
Halpern et al. 2003), but specific selection, design, and implementation policies should be 
customized for each situation (Botsford et al. 2003, Roberts et al. 2003). If ecological, social, and 
economic criteria (Roberts et al. 2003) and potential resilience against climate change (McLeod 
et al. 2008) are carefully considered for selecting MPAs, they can be viewed as powerful tools 
among other marine protection and restoration strategies. A significant caveat is that much 
additional research is needed in both understanding the performance of specific MPAs, relative 
to their intended biological and/or management outcomes (e.g., White 2009), and in techniques 
to analyze and predict MPA performance (Pelletier et al. 2008).  

Marine Spatial Planning  

Marine spatial planning (MSP) is an emerging protection and restoration strategy in that it is a 
proactive approach for deciding which activities should have priority in certain areas and which 
activities are compatible or incompatible. Managing human activities to enhance compatible uses 
and reduce conflicts among uses, as well as to reduce conflicts between human activities and 
nature, are important outcomes of MSP (Ehler and Douvere 2009). It therefore encompasses 
decisions about the application of estuarine reserves and MPAs, described above, as well as other 
marine and estuarine protection, restoration, and development activities.  

Well-conducted marine spatial planning can reduce conflicts between users and increase 
regulatory efficiency, facilitate the development of emerging industries such as wind and wave 
energy and aquaculture and help maintain ecological processes and the ecosystem services they 
support (such as fishing, marine tourism and recreation, and cultural uses of the ocean)19.  

Coastal and Marine Spatial Planning (CMSP) is a hallmark of President Obama’s Executive 
Order on a U.S. Ocean Policy (CEQ 2010) and by a number of state, federal, and international 
marine planning organizations (e.g., Young et al. 2007, Ehler and Douvere 2009a,b, 
Commonwealth of Massachusetts 2009). The attractiveness of MSP is that it features place-
based, integrated management of the full suite of human activities occurring in spatially 
demarcated areas identified through a procedure that takes into account biophysical, 
socioeconomic, and jurisdictional considerations (Young et al. 2007).  

MSP Application in Puget Sound  

MSP has not yet been fully applied in Puget Sound, although one of the action items in the Puget 
Sound Action Agenda is to “…conduct spatial (mapped) analyses to evaluate current ecosystem 
status and the primary threats and drivers affecting ecosystem health. Together with models and 
refined indicators, this work will highlight the location and relative importance of threats and 
drivers across the entire ecosystem, and help identify the features of Puget Sound that are most at 
risk” (PSP 2009). While this is not MSP in the fullest sense, this action item will establish a 
baseline for MSP in Puget Sound. So far, MSP in Puget Sound has occurred through site-by-site 
planning such as where to locate MPAs or the reservation of certain areas for industrial use or 
shipping lanes, etc. There is an apparent lack of a specific program aimed at implementing MSP 
in Puget Sound. There are a number of good models for administratively or legislatively directed 
MSP programs. For example, Massachusetts has been a leader in implementing a state Ocean 
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Management Plan (Commonwealth of Massachusetts 2009). Another overarching MSP guidance 
source is the step-by-step guide for implementing MSP (see Intergovernmental Oceanographic 
Commission 2009).  

MSP is a promising strategy for the future health of Puget Sound. Just as in land-use planning, a 
coordinated, concerted effort to assess and allocate marine and estuarine areas for their optimal 
use, while protecting the ecological attributes of the Sound. Many of the components and 
strategies that will support MSP in Puget Sound have been, or are being, organized, such as the 
Puget Sound Regional Synthesis Model (PRISM)20, the Puget Sound Ecosystem Portfolio Model 
(PSEPM)21 , and the for Puget Sound Marine Environmental Modeling (PSMEM)22 . While these 
tools have the potential to support MSP in Puget Sound, they are not yet specifically aimed at 
MSP.  

In addition to the Puget Sound-specific spatial models mentioned above, many specific tools 
have been developed that can aid the MSP effort in Puget Sound.  

MSP planning tools  

MSP is an essential strategy for restoring and maintaining a healthy Puget Sound (Handbook 
item). There are a large number of MSP-specific planning tools already available23,24. There are 
also ecological, social, and economic criteria for selecting MPAs (Roberts et al. 2003) that can 
be incorporated into MSP.  

Recently, more attention is being paid to the effects of vertical zoning in MPAs (Grober-
Dunsmore et al. 2008), but little specific research has been accomplished on this topic. 
Connectivity is an important planning goal from an ecological perspective for MSP – see 
Australian CONNIE at http://www.per.marine.csiro.au/aus-connie/quickGuide.html Further, 
when planning for various uses, it is important to account for “edge” effects of users, such as the 
phenomenon of fishers “fishing the line” along marine reserve boundaries (Kellner et al. 2007).  

Ecosystem analysis tools  

A number of other ecosystem evaluation and planning tools could also be relevant as aids to 
MSP. See also http://code.env.duke.edu/projects/mget/wiki.  

http://fishbase.sinica.edu.tw/report/t/home.htm  

http://www.ecopath.org/  

http://www.csiro.au/science/ps3i4.html  

Integrated Ecosystem Assessment model (Levin et al. 2008) 
http://www.nwfsc.noaa.gov/assets/25/6801_07302008_144647_IEA_TM92Final.pdf  
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Potential Effectiveness of Marine Spatial Planning  

It will be somewhat difficult to asses the effectiveness or degree of uncertainty in the MSP 
process and, to date, there are no formal processes available for assessment of MSP uncertainty. 
Belfiore et al. (2006) and Ehler and Douvre (2009) outline a proposed processes for determining 
MSP effectiveness via establishing and monitoring indicators. Because MSP is a policy-oriented 
planning process, rather than a specific, physical protection or restoration strategy itself, it is less 
scientifically rigorous and does not easily lend itself to assessments of certainty in its outcomes. 
Nonetheless, MSP clearly should be included in any thorough review of marine and estuarine 
protection and restoration strategies. While the degree of certainty provided by MSP processes is 
presently undeterminable, the outcomes are clearly linked to correct regulatory decisions in the 
planning process and the variation in environmental conditions, enforcement of the resultant 
regulations, marine accidents and spills, etc. Ultimately, indicators are needed to monitor 
progress of MSP with respect to inputs, activities, outputs, and outcomes. Progress needs to be 
monitored at all levels of the system to provide feedback on areas of success, as well as areas 
where improvements may be needed (Belfiore et al. 2006, Ehler and Douvere 2009, Foley et al. 
2010).  

Ultimately, the evaluation of MSP effectiveness will be determined by whether the Puget Sound 
ecosystem recovers its basic dynamic ecological functionality, resiliency, and healthy fish and 
wildlife populations. Recovery potential and/or resistance can differ from place to place within 
the same marine or intertidal ecosystem (Palumbi et al. 2008). Determining effectiveness will 
depend on rigorous monitoring programs. Previous analyses of restoration programs have found, 
by studying such ecological features as species redundancy and complementarity, that recovery, 
resistance, and reversibility are key components of resilience (Palumbi et al. 2008). Monitoring 
effectiveness of marine planning has also revealed that the intended ecosystem effects of 
management plans are not always realized and, in fact, sometimes opposite outcomes are 
observed (e.g., Pine et al. 2009). There is also a critical lack of modeling tools for evaluating 
ecosystem-based policies (Pine et al 2009).  

Marine and estuarine habitat restoration strategies  

A large emphasis of Puget Sound protection and restoration strategies has been placed on 
physical habitat restoration. Here we discuss the variety of strategies for restoring the physical 
and ecological function of marine, estuarine, subtidal, intertidal, and shoreline function many of 
which can be expanded upon in future versions of the PSSU1. Much of the naturally occurring 
physical habitat in and around Puget Sound has been altered by the variety of human activities. 
These include diking, dredging, filling, water flow control, bulkheads, jetties, docks, bank 
hardening, loss of large and small estuaries, blockage of some coastal embayments, shoreline 
shortening, loss of natural sediment, increased unnatural sedimentation and cumulative effects of 
all these, as described in the chapter on threats. Shipman et al. (2008) illustrated the goal of some 
aspects of Puget Sound ecosystem functional restoration.  

The goal of physical habitat restoration strategies is to restore connectivity and size of large river 
deltas, restore sediment input, transport and accretion, enhance shoreline complexity, and 
enhance habitat heterogeneity and connectivity. The strategies in this section speak strongly to 
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the PSP priority B “Restore ecosystem processes, structures, and functions” and many of the 
Action Agenda items under that priority (PSP 2009).  

Estuarine‐specific habitat restoration  

There are a number of documents designed to guide creation, restoration, and enhancement of 
coastal wetlands (e.g., Interagency Working Group on Wetlands, undated). See 
http://pugetsoundnearshore.org/esrp/esrp_report08.pdf.  

Opening dikes and levees to recreate intertidal wetlands 

This is Clancy et al. (2009) management measure 3, “Berm or Dike Removal or Modification”. 
The strategy applies to wetlands that have been closed off by levees, dikes, and channelization. It 
also is relevant to pocket wetlands along natural shorelines that have been closed off by 
modifications of beach structure, for habitat details see Shipman et al. 2008.  

Eliminating migrational barriers: Hydraulic Modification 

(Clancy et al. (2009) management measure 9. This strategy involves opening culverts, tide-gates, 
or breachways in existing dikes and levees. Hydraulic modification allows water to flow in and 
out of estuarine areas more naturally and creates opportunities to reduce migrational barriers.  

Physical Exclusion  

The purpose of physical exclusion is to close recovering natural habitats to human access to 
speed the recovery process. Physical exclusion applies to beach and shoreline restoration as well 
as estuarine restoration, but will only be described here.  

Topography restoration  

Applies to both estuarine and shoreline restoration.  

Includes removing hard surfaces and restore natural features at the land/water interface.  

Shoreline restoration strategies  

This strategy is about restoring beach and coastline function from the effects of armoring, 
bulkheads, docks, uplands modification, light, noise, and other longshore migrational 
barriers.See articles in files at PS Gen/shorelines/. Also – from J Lombard 3-1-10: WDFW has 
posted a new science paper, Protection of Marine Riparian Functions in Puget Sound, 
Washington: http://wdfw.wa.gov/hab/ahg/riparian_protection.htm. This document was 
developed to provide shoreline planners and managers with a summary of current science and 
management recommendations to inform protection of ecological functions of marine riparian 
areas. It was prepared by Washington Sea Grant for WDFW, with Ecology’s participation and 
AHG review.)Clancy et al. (2009)also provide an excellent listing of the kinds of restoration 
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activities that apply to shorelines and beaches. The strategies listed below, primarily from their 
list of restoration measures.  

Armor Removal or Modification  

• Beach Nourishment  
• Debris Removal (MM 6)  
• Groin Removal and Modification  
• Overwater Structure Removal or Modification  
• Substrate Modification  

Evaluating the effectiveness of physical restoration 

Assessing the scientific basis for estuarine, shoreline, intertidal, and subtidal habitat restoration 
effectiveness is an emerging science. There are several key manuals and guides for "how to" 
conduct habitat restoration (e.g., Interagency Working Group on Wetlands, undated; NRC 2001, 
Clancy et al. 2009). However, because extensive habitat restoration has only recently been 
underway, there are a few long-term, rigorous scientific evaluations of estuarine and shoreline 
habitat restoration effectiveness.  

Some recent scientific work has been targeted at evaluating cumulative ecosystem response to 
restoration projects (Diefenderfer, et al. 2004, 2009). Thom (2000) noted that it is very common 
for aquatic ecosystem restoration projects not to meet their goals. Other papers on evaluating 
restoration:  

Thom et al. (2205) addressed uncertainty in coastal restoration projects. They found, for example, 
that all of the potential sources of error can be addressed to a certain degree through adaptive 
management.  

Submergent restoration strategies  

• Eelgrass and forage fish spawning area restoration  
• Artificial underwater structures 
• Derelict fishing gear removal and recycling  
• Reducing the effects of boat and ship traffic, military activity, and other industrial 

activity on Puget Sound biota  
• Reducing underwater noise in the Puget Sound  

Footnotes:  

1 Future versions of the PSSU can expand upon topics such as heavy metal sludge disposal, 
water reclamation, channel rehabilitation or creation, large wood replacement, physical exclusion, 
revegetation, species habitat enhancement, topography restoration, armor removal, beach 
nourishment, debris removal, groin removal or modification, overwater structure removal or 
modification, substrate modification, eelgrass and forage fish spawning area restoration, artifical 
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underwater structures, derelict fishing gear removal and recycling and reducing the effects of 
boat and ship traffic, military activity and other industrial activity on Puget Sound biota.  

2 see http://www.ecy.wa.gov/programs/eap/mar_wat/focused_southdata.html and 
http://www.hoodcanal.washington.edu/ for more information  

3 See http://www.kingcounty.gov/environment/wastewater/ReclaimedWater.aspx for more 
information  

4 see http://www.ecy.wa.gov/programs/spills/prevention/prevention_section.htm) and response 
actions are coordinated with the US Coast Guard (see 
http://www.uscg.mil/ccs/npfc/About_NPFC/opa.asp  

5 see http://www.fema.gov/emergency/nims/index.shtm  

6 http://www.nrc.uscg.mil/nrchp.html  

7 see http://www.ecy.wa.gov/programs/spills/spills.html for more details  

8 from http://www.ecy.wa.gov/programs/spills/preparedness/preparedness_section.htm  

9 http://www.ecy.wa.gov/programs/tcp/cu_support/cu_process__steps_defns.htm  

10 http://www.ecy.wa.gov/programs/tcp/sites/sites_information.html  

11 http://www.ecy.wa.gov/programs/tcp/cu_support/cu_process__steps_defns.htm  

12 http://www.epa.gov/brownfields/  

13 http://www.epa.gov/tio/pubitech.htm  

14 http://yosemite.epa.gov/r10/ECOCOMM.NSF/Watershed+Collaboration/NEP  

15 http://padillabay.gov/  

16 http://nerrs.noaa.gov/BGDefault.aspx?ID=66  

17 http://www.ecy.wa.gov/programs/sea/pugetsound/laws/center.html  

18 http://pugetsoundkeeper.org/programs/partnerships/waterway-cleanups/waterway-cleanups  

19 http://www.ebmtools.org/msptools.html  

20 http://www.prism.washington.edu/index.jsp  

21 http://geography.wr.usgs.gov/science/pugetPM.html  
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22 http://www.nopp.org/nopp/project-reports/reports/06kawase.pdf  

23 http://www.ebmtools.org/msptools.html  

24 http://www.ebmtools.org/about_ebm_tools.html  
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Fisheries and Wildlife Protection and Restoration Strategies 

Editor's Note: This section is in outline form except for the Discussion of Harvest Management  

1. Introduction 
Salmon and steelhead protection and restoration 
A. Life‐history‐based restoration  
B. ESA restoration vs. full, optimum production  
C. The 4‐H approach  
1. Potential Strategies: Habitats  

a. Protection and restoration of instream habitat complexity  

b. Removal of barriers (culverts, small dams, etc.)  

c. Access to off‐channel habitats, including intertidal estuaries  

d. Normal run‐off patterns and instream flows  

i. Irrigation diversion by‐passes and intake mortalities  

ii. Excessive groundwater removals that reduce stream flows  

e. Reduction of excess sediment loads from upstream areas  

f. Protection of critical salmon habitats  
2. Potential Strategies for Hydropower and other major dams  

a. Upstream and downstream passage of adults and juveniles or dam removal  

b. Flow operations that benefit fish  

c. Manage or eliminate water withdrawals that cause instream flow reductions  
3. Potential Strategies for Hatcheries  
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a. Operate hatchery programs within the context of their ecosystems  

b. Operate programs as genetically integrated or completely separate stock management 
programs, e.g., separate the harvest of hatchery and wild fish in time space and/or by harvest 
method  

c. Size programs consistently with their stock goals and with the carrying capacity of the 
freshwater and marine ecosystems  

d. Ensure productive habitat for hatchery programs  

e. Emphasize quality, not quantity in fish releases  

f. Use in‐basin rearing and locally adapted broodstocks  

g. Maintain genetic integrity by spawning adults randomly throughout the run  

h. Use genetically benign spawning protocols that maximize effective population size  

i. Reduce risks associated with outplanting and net pen releases  

j. Develop a system of wild steelhead zones  

k. Use hatchery carcasses for nitrifying streams  
4. Harvest ‐ Puget Sound Salmon Harvest Management as a Restoration Strategy  

Harvest management is one of the four “Hs” essential for the recovery of Puget Sound Salmon 
(Shared Strategy 2007). Harvest management is critical because it determines both the number of 
spawners that reach spawning habitat as well as the number of fish available for harvest.  

We suggest six interrelated harvest management strategies that could be applied to Pacific 
salmon restoration in Puget Sound. If simultaneously implemented, they will set the stage for 
improved escapement of spawners to the freshwater habitat, ultimately leading to improved run 
sizes (assuming the other Hs are well-managed). These strategies are: 1) improved estimates of 
salmon carrying capacity, 2) improved run-size forecasting, 3) improved accuracy of in-season 
harvest management, 4) avoidance of genetic alteration of stock structure and diversity via 
harvest, 5) fully functional, realistic tools for harvest management decisions, and 6) monitoring 
of escapement and harvests.  

Salmon Habitat Carrying Capacity  

Understanding salmon carrying capacity is a key component of salmonid restoration. Because of 
chronic overfishing, habitat degradation and, more recently, habitat restoration, salmon managers 
have lost the baseline reference points for freshwater and estuarine production (Pauley 1995). 
Furthermore, awareness is increasing about the critical nature of carrying capacity in the 
nearshore marine and oceanic habitats (e.g., Ruggerone et al. 2003, 2005) and the relative 
importance of early marine survival (Farley et al. 2007, Van Doornik et al. 2007). However, 
without a more complete understanding of these limitations, it is difficult to assess whether 
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restoration of salmon populations is working. Better habitat-based benchmarks are needed from 
which to manage the restoration process.  

It is important to note that the recovery benchmarks of the Endangered Species Act (ESA) 
recovery plans are not necessarily the same goals for full restoration. This is because the ESA is 
designed to ensure that populations do not go extinct, rather than ensure that they attain their full 
production capacity which, when restored, will in turn support healthy aquatic ecosystems and 
tribal, commercial, recreational fisheries.  

The science of salmon capacity estimation has only been partially developed. For decades, 
capacity for many salmon stocks was estimated using retrospective statistical models of the 
relationship between the number of spawners and the subsequent count of returning adults 
(Ricker 1958, 1975; Beverton-Holt 1957). While these models perform adequately under ideal 
conditions, they have been shown to be fraught with numerous technical weaknesses (Hilborn 
and Walters 1992, Knudsen 2000). More recently, the science of salmon capacity has been 
expanding based on observations of the numbers of juveniles produced per spawner and per 
habitat area and expressed in various models (e.g., EDT – Mobrand et al. 1997 , SHIRAZ – 
Scheuerell et al. 2006, Ripple – Dietrich and Ligon 2008, UCM – e.g., Cramer and Ackerman 
2009). Research and development is expanding on life history-based models that incorporate 
both habitat and capacity in the relationship of salmon to their environment, as it ultimately 
influences survival.  

Some recent progress has been made in estimating salmon carrying capacity and related 
modeling to support harvest management as a salmon restoration strategy. However, strategic 
implementation of these techniques requires further scientific advancements as suggested by 
Hilborn (2009) and Knudsen and Michael (2009). Some of the remaining challenges are 1) 
determining how many fish should be produced per habitat, 2) better ascertaining how the 
environment influences salmon survival and production, 3) developing functional, realistic 
simulations that can be used for more precise management decisions, 4) accounting for the 
interactive effects of habitat, hatcheries, and other salmon species, and 5) correcting for the lack 
of accurate and/or long-term data (by stock).  

Preseason and In‐Season Run Size Forecasts  

Salmon restoration also depends on improving both pre-season and in-season run size forecasts 
so that decisions about harvest management can be tuned to the number of adults expected to 
return. Successful forecasting is extremely challenging because the number of returning fish 
depends on dynamic and complex interaction between the often unknown number of smolts 
entering the ocean and the highly variable ocean environment. Pre-season forecasting is 
important for management decisions for determining expected escapements and, by subtraction, 
opening or closing the various fisheries. Current run forecasting is generally relatively inaccurate. 
For example, Puget Sound Chinook pre-season forecasts of escapement were only within 10% of 
the actual escapement values for 12% of the forecasts between 2001 and 2006 (PSIT and WDFW 
2008). Therefore, the current strategy for managers working to rebuild depleted runs is to set 
harvest rates relatively low to account for the highly variable returns (e.g., PSIT and WDFW 
2009). There is increasing evidence, however, that forecasts can be improved by additional 
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research into the relationships between salmon survival and environmental drivers (Beamish et al. 
2009, Noakes and Beamish 2009). When managers have more accurate forecasts, they will be 
able to refine harvest management decisions.  

Short-term forecasting could be improved by increasing the frequency and accuracy of in-season 
fisheries-dependent sampling of open fisheries, in test fisheries in closed areas, and by 
monitoring in-river escapement with weirs, traps, and/or sonar (e.g. Clark et al. 2006). Research 
is gradually revealing technical methods that will make in-season predictions more reliable, such 
as the ability to use coded-wire tag information to refine run predictions (e.g. Holt et al. 2009), 
but more research is needed.  

In‐Season Harvest Management  

Improved precision in spatial and temporal management is a strategy to separate capture of 
abundant stocks, such as plentiful wild fish or those from hatcheries, from “incidentally” 
captured depleted or jeopardized stocks (NRC 1996, SSDC 2007). There are two major types of 
suggested improvements in-season harvest management: 1) techniques that make harvest 
management decisions more precise, and 2) harvest techniques that separate harvestable from 
non-harvestable fish. Clearly, if these two kinds of techniques can be improved, harvest 
managers will be able to more carefully determine which and how many fish may be harvested 
and which fish may escape to spawn (Knudsen and Doyle 2006).  

The more precise the in-season harvest management, the more likely abundant stocks, such as 
hatchery or abundant wild fish, can be harvested without harming wild populations that can only 
withstand a much lower harvest rate. The major features of such a scheme include identifying the 
relative abundance of each stock present in each fishing area at any given time, and then opening 
or closing the fishing area as necessary, as described and preliminarily modeled by Newman 
(2000). An important component is real-time stock separation within each fishing area. Recent 
advancements in genetic stock identification are increasingly improving the technical ability for 
accuracy and precision of stock separation (e.g., Smith et al 2005, Dann et al. 2009), although 
these techniques have not yet been widely applied for Puget Sound stocks. Currently, stock 
mixtures are determined for chinook and coho from coded-wire-tag data of representative 
hatchery stocks. Under ideal management, as the fish move sequentially through the 
management areas, decisions could be made to protect weak stocks and/or allow harvest of 
abundant stocks(e.g., Newman 1998). For example, increasing the accuracy of in-season harvest 
management, has been shown to be effective in maintaining healthy Alaskan salmon runs, even 
though they are routinely subjected to moderate to heavy fishing (e.g., Clark et al. 2006). Further 
research as well as dedication to in-season sampling is needed for such real-time decision-
making to be effective in Puget Sound salmon management.  

Selective fishing methods and gears allow release of incidentally captured non-targeted stocks to 
escape unharmed.Because of a lack of external indicators of stock origin, selective salmon 
fisheries can only be applied to hatchery versus wild stocks by externally marking all hatchery 
fish (e.g., HSRG 2004, Kostow et al. 2009, McHugh et al. 2009). Some fishing gears are better 
suited to selective fisheries. For example, fish wheels, purse seines, and traps allow non-target 
fish to be released unharmed, while gill nets tend to preclude live release (e.g., Copes 2000). 
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Both recreationally and commercially caught salmon and steelhead can be released unharmed 
(e.g., Vander Haegen et al. 2004, Cowen et al. 2007), although there can be various amounts of 
delayed mortality and/or failures to spawn due to catch and release, or escapement from gears 
(e.g., Wertheimer, 1988, Baker and Schindler 2009). Additional research is needed to advance 
the science and management of selective fisheries.  

In summary, the status of applying precision forecasting and in-season harvest techniques to 
Puget Sound salmon harvest management is mixed. While in some cases the techniques 
described above are being partially applied, in many cases additional technical advancements are 
needed. For example, Puget Sound Chinook salmon harvests (hence escapements) are managed 
primarily by setting a relatively low harvest rate (PSIT & WDFW) in part to accommodate the 
fact that there is insufficient information to manage the in-season run precisely.  

Avoidance of Genetic Changes Due to Harvest  

To sustain the productivity of harvested populations, there are important genetic considerations 
for harvest management which havethe potential to cause three types of genetic change: 1) 
alteration of population subdivision; 2) loss of genetic variation; and 3) selective genetic changes 
(Allendorf et al. 2008). Population subdivision occurs through changes in the metapopulation 
structure of Pacific salmonids that coincides with the network of natal river populations 
(Policansky and Magnuson 1998, Gustafson et al. 2007). This also includes the subpopulation 
diversity represented by the variety of intraspecific life history types. Loss of genetic variation 
occurs when a single population is reduced to too few spawners (Waples 1990). Allendorf et al. 
(2008) also suggest that, as the population size decrease, there can be a loss of fitness selection. 
Selective genetic changes in salmon populations can be induced by harvests. Hard et al. (2007) 
reported strong evidence that selection intensity and genetic variability in salmon fitness traits 
from fishing can cause detectable evolution within ten or fewer generations. Salmon body size 
and run timing are two heritable traits, among others, that have been demonstrated to be affected 
by fishing (e.g., Hamon et al. 2000, Quinn et al. 2002).  

Allendorf et al. (2008) recommended recognizing that some genetic change due to harvest is 
inevitable and that harvest management plans should be developed by applying basic genetic 
principles combined with molecular genetic monitoring to minimize harmful genetic change. 
These issues need further study in Puget Sound so that harvest management plans can be refined 
to reduce fisheries-induced genetic selection.  

Monitoring of Escapement, Harvests, and Smolts  

We suggest that ideal salmon and steelhead population management consists of monitoring two 
population variables: adult run size and smolt production. For successful long-term harvest 
management and future planning, total salmon run sizes should be estimated after each season. 
This requires accurate monitoring of the harvest, attributed to each population, plus the 
escapement of each population. In Washington, harvest estimates are made via fish sales tickets 
for commercial harvests and by the sport catch record card system for sport harvests (SSDC 
2007), each of which has inherent inaccuracies. Assignment of the harvest to the river of origin is 
a key component of the final estimates, the accuracy of which depends upon the type of fishery 
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(e.g., marine harvests tend to be mixed while freshwater harvest are more likely to be assigned to 
the correct river of origin). Catches of chinook, coho, and chum from mixed stock fishery areas 
are separated post-season by some combination of coded-wire-tag (CWT) recovery data and 
genetic baseline information (e.g., Johnson et al. 1997, PSIT and WDFW 2008). Once estimates 
are assigned to their rivers of origin, cohort reconstructions enable estimation of exploitation 
rates, which may be compared to results from the fishery regulation and assessment model 
(FRAM) estimates (PSIT and WDFW 2004, PFMC 2007). This process is variably imprecise 
depending on the species, available data, and model used (e.g., Starr and Hilborn 1988, Johnson 
et al. 1997).  

To obtain the total estimated run size, annual escapement of spawners are added to the estimated 
harvest numbers. Escapements are monitored by a variety of methods, but not all 
streams/populations are monitored and the data quality of those that are monitored is highly 
variable (Knudsen 2000). For example, there is no escapement information on summer steelhead 
and escapement estimates are unavailable for four winter steelhead runs (PSSTRT 2005). The 
Salmonid Stock Inventory (SaSI) by WDFW is a standard process for monitoring and recording 
the escapements or indices of escapement, also used to assess the overall status of the stocks1. 
However, it was last updated in 2002 and, at that time, there was insufficient data for 28% of 
known Puget Sound stocks1. Assessment of smolt production is also important for optimal 
harvest management. Having both adult and smolt metrics for a given population allows the 
discernment of both freshwater and marine survival. WDFW presently uses the Intensively 
Monitored Watershed (IMW) program to monitor smolt production for selected species (Bilby et 
al. 2004), including six locations in Puget Sound. The basic concept is that these watersheds 
represent a sampling of all watersheds and that IMW observations on smolt production may be 
expanded to other similar watersheds (Bilby et al. 2004). Coho smolts are also monitored in 
several Puget Sound streams by WDFW.  

Harvest Management Tools  

Currently, run forecasting tools generally consist of past years’ run reconstructions, combined 
with observations on brood-year survival conditions, and, in some cases, observed smolt 
production, to estimate predicted run returns (e.g., PSIT and WDFW 2008). The primary harvest 
management modeling tool for Chinook and coho is FRAM (PFMC 2007). Current salmon run 
forecasting is a highly variable science (Adkison and Peterman 2000, Beamish et al. 2009). For 
example Puget Sound Chinook forecasts ranged between -403% to +88% of the subsequently 
observed run sizes (PSIT and WDFW 2008).  

Full salmon restoration will require progress on all the topics described above plus the 
concomitant development of improved computer-based, decision-making tools as described by 
Knudsen and Michael (2009). There are a number of possible scenarios for how modeling tools 
could be improved, but perhaps the most the most promising approach is exemplified when the 
all-H analyzer (AHA) is used to evaluate the management options (e.g., Kaje et al. 2008). Inputs 
on habitat-based recovery goals are obtained from SHIRAZ (Scheuerell and Hilborn (2006) 
and/or EDT (Mobrand et al. 1997). AHA then allows the user to concurrently model alternative 
scenarios for habitat, harvest, and hatcheries. However, there are many opportunities for 
improvement to the AHA model. In regard to improving AHA, for example, habitat is modeled 
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as a simple production curve and harvest is modeled as a fixed exploitation rate. The model 
could be made much more useful by incorporating a model of the relationship of life-stage-
specific survivals to habitat conditions (Hilborn 2009), perhaps through modifications of 
SHIRAZ. This also has the advantage of being able to incorporate interactions between hatchery 
and wild fish at a number of life stages, as recommended by Hilborn (2009). Another necessary 
improvement is to incorporate more detailed harvest management modeling, such as by 
including key outputs of the FRAM model currently used for fishery management. This would 
allow evaluation of the effects of selective fisheries and/or the impacts of different fishery plans 
on different life history types (i.e., diversity) (Hilborn 2009). AHA is currently focused on the 
degradation of wild stock productivity due to the presence of hatchery fish, mainly arising from 
deleterious genetic effects (Michael et al. 2009). However, with incorporation of improved 
habitat and harvest modules, the model could also include a number of other hatchery effects that 
are currently ignored in AHA. Additionally, modifications to make the AHA model stochastic 
are needed (Hilborn 2009). Lastly, further model developmentis necessary to include the 
interactions of multiple species (e.g., Greene and Pess 2009).  

Summary  

To date, harvest management restoration strategies have included relatively unknown habitat 
capacity, harvest management information inaccuracies, lack of in-season management 
techniques, and therefore complicated negotiations, often contentious because of the uncertainty 
of run-sizes. Such strategies have only been partly effective. Overall, the scientific basis for 
harvest-related salmon restoration could be considered to be “developing” in that much of the 
science, especially the basic biology of the species, is reasonably advanced, but certain critical 
information is still lacking. At this point in the development of salmon harvest management 
science, we can articulate some ways to improve accuracy and precision:  

• improved methods for estimating salmon and steelhead carrying capacity,  
• better run-size forecasting,  
• improved accuracy and precision of in-season harvest management,  
• better ways to avoid genetic alteration of stock structure and diversity,  
• increased monitoring of escapement, harvests, and smolts, and  
• advanced tools for harvest management decisions  

Outline for the rest of Section 5.2  
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D. Restoration strategies that integrate the 4‐Hs  

1. Comprehensively model fisheries populations, including all management and restoration 
systems  

2. Fisheries management plans, including ESA recovery plans  
E. Case examples of successful protection and restoration strategies  

Resident freshwater fish and anadromous fish other than salmon and 
steelhead 
A. Habitat  
B. Management plans and recovery plans (for listed species)  
C. Use of hatchery programs  
D. Harvest management via regulations  

Wildlife in the watersheds. 
A. Habitat  
B. Nutrients  
C. Management plans  
D. Harvest management  

Marine fisheries protection and restoration 
A. Habitat protection and restoration (as described in the next chapter)  
B. Marine protected areas for improved management  
C. Forage food availability and management  
D. Stock rebuilding  
E. Harvest management via regulations  
F. Fisheries management and/or recovery planning  

Shellfisheries protection and restoration 
A. Intertidal and subtidal habitat protection and restoration (as described in the next chapter)  
B. Harvest management via regulations  
C. Stock rebuilding  
D. Use of shellfish hatcheries  
E. Fisheries management planning  

Marine mammals ‐‐ Pinnipeds, Cetaceans, Sea Otters 
A. Habitat protection and restoration (as described in Chapter 3 and in the next chapter)  
B. Closed boating areas for improved management  
C. Forage food availability and management  
D. Stock rebuilding via federal and state management and/or recovery planning  

Puget Sound birds ‐‐ Waterfowl, Shorebirds, Seabirds 
A. Habitat protection and restoration (as described in Chapter 3 and in the next chapter), but 
specifically:  
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1. Nesting locations  

2. Feeding areas  

3. Resting areas  
B. Forage food availability and management  
C. Interspecific interactions  
D. Population rebuilding via federal and state management and/or recovery planning  

Invasive species 
A. Establish a program to reduce and, where possible, eliminate the introduction and spread 
of non‐native species  
B. Identify and rank non‐native, invasive species that cause or have the potential to cause 
significant negative impacts to the Puget Sound ecosystem  

The effectiveness of recovery planning  

Footnotes  

1 seehttp://wdfw.wa.gov/fish/sasi/index.htm  
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Evaluation of Protectin and Restoration Effectiveness 

In this section we present a method for evaluating the effectiveness of the various protection and 
restoration strategies identified and described in the preceding chapters. This evaluation method 
is designed to be used to make recommendations and conclusions for implementing the most 
ecologically and fiscally effective strategies for restoring Puget Sound ecosystem function.  

The goal of this suggested evaluation process is to evaluate how likely a particular strategy, or 
group of strategies, will achieve its stated goal; namely, the restoration or protection of one or 
more desirable attributes of Puget Sound. In short, how effective is the strategy in question?  

The results of this evaluation should provide decision-makers with a clear indication of the 
relative effectiveness of different strategies; including those strategies which have been 
particularly effective and those where further improvement is needed. The evaluation will assist 
managers in deciding which strategies are thought to be most effective, their relative costs, extent 
or reliability of application, protection and restoration research needs, and guidance for 
monitoring.  

1. Objectives  

The objectives of the proposed evaluation process are to:  

1. Develop an ecosystem and goal-based framework for classifying strategies to protect and 
restore Puget Sound (the framework should be consistent with the major topics identified in our 
outline);  

2. Compile a list of strategies, organized by category (i.e., outline chapter) based on a review of 
the peer-reviewed literature. (Due to resource constraints, the compilation will not be exhaustive; 
rather, it is meant to enable us to broadly characterize strategies so that we can come up with a 
satisfactory method of organizing and evaluating them using the proposed assessment 
methodology.);  

3. Identify performance criteria and develop a methodology (e.g., scoring procedures) for 
evaluating the effectiveness of individual or groups (combinations) of strategies to protect and 
restore Puget Sound. The approach should be rational, adaptable, easily comprehended, and 
capable of being applied at different scales (e.g., it can be used by PSP and local governments to 
assess the effectiveness of their restoration and protection strategies);  

4. Apply the criteria and scoring procedures to obtain a qualitative ranking for each strategy or 
group of strategies;  

5. Provide a foundation for effectiveness monitoring and adaptive management; the framework 
should be based on recommended indicators and existing governance systems (e.g., State, PSP, 
WRIAs) (This is beyond the scope of our current assignment, but the method and results of our 
evaluation should inform and integrate with future monitoring and management.); and  
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6. Provide practical guidance so that others can evaluate the effectiveness of restoration and 
protection strategies without direct assistance from us. This, too, is outside our current scope of 
work. However, the evaluation methodology is intended to be reapplied iteratively in the future 
as new goals are formulated and new information is developed.  

Proposed Methodology 

The categorization of strategies and development of appropriate assessment criteria is proposed 
to proceed in two steps. Step 1 is the articulation of the basic goals of restoration and protection 
and Step 2 is the development of performance criteria that help us define and evaluate 
effectiveness, the main focus of the process described here.  

Comparison to Performance Goals  

We propose that the evaluation be conducted relative to three broad sets of pre-stated goals for 
protection and restoration:  

• Perceived technical performance and scientific soundness  
• As compared to the PSP Action Agenda Priorities  
• Relative to the PSP Action Agenda Outcomes  

Categorization of Strategies  

Because the interaction of protection and restoration strategies with the actual implementation, as 
reflected in habitat outcomes, are extremely complex, dynamic, and at variable scales, a method 
is needed to account for as many features as possible in the evaluation. We therefore propose that 
each strategy that is evaluated be first categorized according to area, method, and scale of 
application, as follows:  

Target area of application  

• Watersheds and tributaries  
• Estuarine and marine  
• Fish and wildlife populations  
• Overarching or general  

Method of application  

• Preservation  
• Protective retrofit actions  
• Protective new development and redevelopment actions  
• Physical habitat restoration  
• Policy changes  
• Public Education  
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Scale of application  

• Overarching - Applies broadly to all areas (e.g., a broad policy change)  
• Regional (e.g., several watersheds or large portions of Puget Sound)  
• Local (e.g., one watershed or tributary, or Puget Sound bay)  
• Site or population-specific  

Evaluation Criteria  

The results of such an evaluation process would include tabular matrices that list the known 
protection and restoration strategies and rate them under each of the preceding categories. In this 
way, managers will be better informed about which strategies are thought to be most effective, 
their breadth or reliability of application, and protection and restoration research needs.  

The proposed assessment approach for each strategy will consist of a set of criteria which, taken 
together, provide the basis for an assessment of the particular strategy under consideration. To do 
this, a summary assessment would be conducted and each strategy rated for its status according 
to the following rating criteria (expressed positively so that all metrics will have the same sign or 
direction):  

1. Perceived relative effectiveness  
2. Level of scientific basis (alternative: research needs)  
3. Certainty of success (alternative: risk)  
4. Confidence in outcomes (alternative: uncertainty)  
5. Low need for monitoring  
6. Degree to which currently monitored  
7. Low total cost  
8. Benefits in relation to costs  
9. Consistent with existing processes  
10. Extent of existing application, i.e., level of participation, commitment, ownership, 

compliance, etc. and  
11. Application to multiple threats  
12. Capacity – technical and financial resources, etc.  
13. Informs monitoring, learning, and adaptive management  

Some of these criteria overlap with others; they should be refined to a handful of non-redundant, 
easily intuited criteria that are applicable to all strategies. The final set of criteria should allow us 
to objectively assess the performance and outcomes of the strategies to which they relate. And 
finally, they should be comprehensible to other, less technically oriented individuals and 
stakeholders.  

Rating of Strategies 

The evaluation system requires scoring metrics and a process by which individual evaluators are 
able to review available information and indicate the extent to which each criterion is (or is likely 
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to be) met. It would help if the criteria were framed as a series of questions that ensured that all 
aspects and dimensions of the strategy are considered.  

We propose the following scoring metrics:  

4 = the criterion is fully met  

3 = the criterion is mostly met, but further improvements can be achieved  

2 = the criterion has only partially been met, there is potential for further improvements  

1 = the criterion has been barely met; but there is promise for the future  

0 = the criterion has not been met; further improvements are unlikely  

In designing the final evaluation, we propose the strategies would be listed in the matrices 
presented in tabular form as illustrated below, which combine all the features described above. In 
these tables, we rate each strategy in terms of its subjectively determined effectiveness.  

Final Evaluation 

The final evaluation of a given strategy combines consideration for the type and extent of the 
strategy with its rated performance as a scientifically substantiated strategy to gather with its 
perceived satisfaction of Action Agenda outcomes and priorities. We also recognize that the 
system posed here has certain drawbacks. For example, the rating score given to any one strategy 
for a certain category is highly dependent on the setting where the rated strategy would be 
applied and ecological and economic details of the particular application. Therefore it may be 
necessary to refine or revise the rating system to include additional considerations for how, 
where and by whom the application would be implemented. For now, however, this suggested 
process may be useful as a starting point for evaluation of protection and restoration strategies.  

Updating protection and restoration performance over time 

There would also be a need for periodically updating this information so it can be used to inform 
management decisions over time; i.e., maximizing the effectiveness of an integrated research, 
monitoring, and adaptive management program. The approach described above provides the 
Partnership with a vehicle for future evaluation and management of protection and restoration 
strategies into the future since it can be continually updated and revised.  
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Appendices 
1. Appendix 4A: Elements of watershed‐based strategies, links to PSP 
results chains (Neuman et al. 2009) 

Box A1. Major Elements of a Watershed-Based Strategy  

• A watershed instead of political-boundary basis.  
• Centralizing responsibility and authority for implementation with a municipal lead 

permittee working in partnership with other municipalities in the watershed as co-
permittees—RC6 (Stormwater) C2, specifically C2(2) (inform and support 
implementation and adoption of NPDES permits).  

• Embracing the full range of sources of aquatic ecosystem problems now usually under 
uncoordinated management and permitting; integration of all local water permits under 
the co-permittee system organized by watersheds—RC6 (Stormwater) C2, specifically 
C2(9) (implement NPDES industrial permits, WSDOT permits, DOE oversight).  

• Extending full permit coverage, as appropriate, to any area in the watershed zoned or 
otherwise projected for development at an urban scale (e.g., more than one dwelling per 
acre)—RC6 (Stormwater) C2.  

• Comprehensively covering all stages of urbanization: construction, new development, 
redevelopment, retrofit—RC1 (Land Protection) A2, specifically A2.2.8 (develop 
incentives to increase and improve redevelopment within UGSs); RC6 (Stormwater) C2, 
specifically C2(6) (retrofit stormwater systems).  

• Adopting a minimum goal in every watershed to avoid any further loss or degradation of 
designated beneficial uses within the watershed’s component water bodies.  

• Assessing water bodies that are not providing designated beneficial uses in order to set 
goals aimed at recovering these uses—RC1 (Land Protection) A1, specifically A1(3) 
(initiate and complete watershed assessments); RC2 (Flow Protection) A3.  

• Defining careful, complete, and clear beneficial-use-attainment objectives to be achieved 
as the essential compliance endpoints.  

• Concern with water quantity along with water quality—RC2 (Flow Protection) A3;  
• Efficient, advanced scientific and technical watershed analysis to identify negative 

impact sources and set objectives and strategies—RC1 (Land Protection) A1, specifically 
A1(3) (initiate and complete watershed assessments); RC2 (Flow Protection) A3.  

• Strategies to emphasize maximum isolation of receiving waters from impact sources; i.e. 
maximize application of low-impact development (LID) (retitled by the committee 
Aquatic Resources Conservation Design, ARCD) principles and methods—RC2 (Flow 
Protection) A3, specifically A3.3.2 (allow and promote rainwater harvesting) and A3 new 
strategies; RC6 (Stormwater) C2, specifically C2(3) (assist cities and counties in 
incorporating LID into all stormwater codes), C2(4) (develop and implement LID 
incentives), C2(6) (retrofit stormwater systems), and C2(8) (private stewardship and 
incentives for pollution prevention).  

• Assigning municipalities more responsibility, along with more authority and funding, for 
the range of sources within their jurisdictions.  
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• Developing and appropriate allocating funding sources to enable municipalities to 
implement effectively—RC1 (Land Protection) A2, specifically A2(5) and A2(8) (both 
funding and technical assistance).  

• A monitoring system composed of direct measures to assess compliance and progress 
toward achieving objectives and diagnosing reasons for the ability or failure to meet 
objectives, along with a research component to address information gaps—RC6 
(Stormwater) C2, specifically C2(1) (establish regional coordinated monitoring program 
for stormwater under NPDES).  

• Organizing consortia of agencies to design and conduct monitoring programs—RC6  
• (Stormwater) C2, specifically C2(1) (establish regional coordinated monitoring program 

for stormwater under NPDES).  
• An adaptive management framework to apply monitoring results and make early course 

corrections toward meeting goals and objectives, if necessary.  
• A system of in lieu fees and trading credits to compensate for legitimate inability to meet 

requirements on-site by supporting equivalent effort elsewhere within the same watershed.  

In addition to the Results Chain strategies denoted in the list, the NRC committee’s 
recommended program could serve as a framework to promote strategies RC1 (Land Protection) 
A1, specifically A1(1) (convene regional planning forum for coordinated vision), and RC2 (Flow 
Protection) A3, specifically A3.2 (reform state water laws). Implementation of other Results 
Chain strategies probably could also benefit, although perhaps less directly, from the 
recommendations in the NRC (2009) report.  

Appendix 4B: Recommendations from Booth et al. (2001) and Horner, 
May and Livingston (2003) 

Horner, May and Livingston (2003) put forward the following recommendations based on their 
data and the trends signified within them:  

1. Systematically collect data on regionally representative stream benthic macroinvertebrate and 
fish communities. Extend the program’s coverage over the full range of urbanization. Use the 
data to develop regionally appropriate biological community indices.  

2. Develop a geographic information system to organize and analyze watershed land use and 
land cover (LULC) data. Collect data on regionally appropriate LULC variables, particularly 
measures of impervious and forested cover in the watershed as a whole, at least two riparian 
bands extending to points relatively near and far from the stream, and in other local areas fairly 
close to the stream.  

3. Base stream watershed management on specific objectives tied to desired biological outcomes.  

4. If the objective is to retain an existing levels of stream function, very broadly preserve the 
extensive watershed and riparian natural vegetation and soil cover almost certainly present 
through mechanisms like outright purchase, conservation easements, transfer of development 
rights, etc.  



April 2011 Puget Sound Science Update  Page 681  Puget Sound Partnership 

5. If the objective is to prevent further degradation when partially developed areas urbanize more, 
maximize protection of existing natural vegetation and soil cover in areas closest to the stream, 
especially in the nearest riparian band. In the uplands, generally develop in locations already 
missing characteristic natural vegetation. As much as possible, preserve existing natural cover 
and limit conversion to impervious surfaces. The lower the level of existing development, the 
more important it is to protect existing natural vegetation and soil cover  

6. In addition, fully serve newly developing and redeveloping areas with stormwater quantity and 
quality control best management practices (BMPs) sited, designed, and operated at state-of-the-
art levels. Attempt to retrofit these BMPs in existing developments. The higher the level of 
existing development, the more important it is to control stormwater, since extensive land 
conversion results in the loss of natural vegetation and soil cover..  

7. Where riparian areas have been degraded by encroachment, crossings, or loss of mature, 
natural vegetation, give high priority to restoring them to extensive, unbroken, well vegetated 
zones. This strategy could be the most effective, as well as the easiest, step toward improving 
degraded stream habitat and biology. Riparian areas are more likely to be free of structures than 
upland areas and more directly influence stream ecology. Also, riparian restoration fits well with 
other objectives, like flood protection and provision of wildlife corridors and open space.  

Recommendations from Booth et al. 2001  

Booth et al. (2001) interpreted their results to devise explicit strategies for protecting and 
restoring Puget Sound’s tributary streams, starting with a set of general strategies applying over 
the gradient of urbanization:  

1. Recognize and preserve high-quality, low-development watershed areas.  

2. Aggressively (and completely) rehabilitate streams where recovery of ecosystem elements and 
processes is possible. This condition is likely to be met only in low-development areas that 
happen to have relatively low to moderate levels of ecological health, because the agents of 
degradation are probably easier to identify and more amenable to correction.  

3. Rehabilitate selected elements of mid-range urban watersheds, where complete recovery is not 
feasible but where well-selected efforts may yield direct improvement, particularly in areas of 
public ownership.  

4. Improve the most degraded streams by first analyzing the acute cause(s) of degradation, but 
recognize that the restoration potential for populations of original in-stream biota is minimal.  

5. In the most highly developed watersheds, education and/or community outreach is not just 
appropriate but crucial. Here, the level of public interest is likely to be highest, stream-side 
residents have greater direct individual influence over whether healthy stream conditions are 
maintained, and most of the riparian corridor is not under public ownership or control.  

Booth et al. (2001) went on to offer specific recommendations for rehabilitation efforts:  
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1. Make direct, systematic, and comprehensive evaluation of stream conditions in areas of low to 
moderate development.  

2. Recognize that the hydrologic consequences of urban development cannot be reversed without 
extensive redevelopment of urban areas. Likewise, the recovery of physical and biological 
conditions of streams is infeasible without hydrologic restoration over a large fraction of the 
watershed land area. This conflict can be resolved only if there are particular, ecologically 
relevant characteristics of stream flow patterns that can be managed in urban areas. Effective 
hydrologic mitigation will require approaches that can: (1) delay the timing of storm-flow 
discharges in relatively small storms, and (2) store significant volumes of rain for at least days or 
weeks. In the long run the goal should be to mimic the hydrologic responses across the 
hydrograph and not just truncate the high or low flow components. The rate of rise and decline of 
the hydrograph is just as important as the existence of peaks and lows. This approach almost 
certainly requires greater reliance on on-site storage to better emulate the hydrologic regime of 
undisturbed watersheds, either through dispersed infiltration, on-site detention, or forest 
preservation.  

3. Where overall basin development is low to moderate, natural riparian corridors have 
significant potential to maintain or improve biological condition. Protecting high quality wetland 
and riparian areas that persist in less developed basins may also serve as a source of colonists 
(e.g., plants, invertebrates, fish) to other local streams that are subject to informed restoration 
efforts. At the same time, even small patches of urban land conversion in riparian areas can 
severely degrade local stream biology. As both a conservation and restoration strategy, 
protection and revegetation of riparian areas is critical for preventing severe stream degradation, 
but these measures alone are not adequate to maintain ecosystem function in streams draining 
highly urban basins.  

Synthesis of Stream Watershed Management Strategies  

Table B1 presents, in four categories, the elements of strategies drawn from the 
recommendations developed from the two large research projects on Puget Sound watersheds 
and streams (see above for fuller descriptions). It gives general notes regarding estimating the 
probable effectiveness and relative certainties associated with major strategies and references to 
sources of more information. Table B1 also relates the various strategies given here with those in 
the Results Chain memo. The strategies in Table B1 address multiple threats to the Puget Sound 
ecosystem, including stream channel hydromodification, salmon spawning and rearing habitat 
degradation, stream food web disruption, acute and chronic toxicity effects on aquatic organisms 
from metal and organic pollutants and increased pollutant loadings to all downstream waters, 
including Puget Sound.  

Table B1. Strategies for Watershed Management to Protect and Restore Puget Sound’s Stream 
Tributaries  
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Appendix 4C: Supporting material for effectiveness and relative 
certainty of wetland management efforts 

Water level fluctuation (WLF) was computed as the difference between crest stage and average 
base stage. Crest stage was determined with a crest-stage gauge, which records the maximum 
stage in a time period through the deposition level of cork dust on a plastic tube within a pipe 
housing. Average base stage was calculated as the mean of the stage at the beginning and end of 
the time period. WLF statistics were compute over extended time intervals involving a number 
of separate determinations. Table C1 depicts the relationship calculated by Chin (1996) and 
(Horner et al. 2001) between mean annual WLF and watershed TIA. Clearly, the two variables 
are not independent, as installation of impervious cover often accompanies removal of forest. 
Loss of watershed forest cover has been shown to be an important factor driving increases in 
WLF (Reinelt and Taylor 2001).  

Table C1. Relationship Between Mean Annual Water Level Fluctuation (WLF) and Watershed 
Total Impervious Area (TIA) (after Chin 1996, Horner et al. 2001)  

Mean Annual WLF Was: If TIA Was: Cases Where True: 
< 20 cm < 6% 100% 
> 20 cm > 21% 89% 
> 30 cm > 21% 50% 
> 30 cm > 40% 75% 
> 50 cm > 40% 50% 

Appendix 4D: Supporting material for lake management strategies 

Box D1. Algal biomass control techniques from Cook et al. (2005).  

• Nutrient diversion (removal or treatment of direct external inputs);  
• Protection from diffuse nutrient sources (e.g., urban, agricultural, and forestry stormwater 

runoff);  
• Dilution (to reduce nutrient concentrations) and flushing (to increase water exchange rate 

and consequent algal cell washout);  
• Hypolimnetic (lower thermal layer) withdrawal (to discharge nutrient-rich water resulting 

from sediment release in the low-oxygen environment of thermal stratification);  
• Phosphorus inactivation (precipitation by aluminum salt addition) and sediment oxidation 

(calcium nitrate injection to stimulate denitrification and oxidize organic matter);  
• Biomanipulation (managing other trophic levels [zooplankton, fish] to control algae); and  
• Copper sulfate (algicide) addition.  

Macrophyte control mechanisms covered by Cooke et al. (2005) are:  

• Restoring desirable plants to replace undesirable ones;  
• Water level drawdown (to desiccate undesirables);  
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• Preventing invasion and physically removing undesirables;  
• Sediment covers and surface shading  
• Chemical controls; and  
• Biological controls (insects, fish, other).  

Three methods convey multiple benefits:  

• Hypolimnetic aeration and oxygenation (to raise oxygen content and open habitat to cold-
water fish; also to reduce sediment phosphorus release);  

• Artificial circulation (use pumps, jets, or diffused air for the same purposes, plus move 
algal cells out of the lighted zone); and  

• Sediment removal (for deepening, nutrient control, toxic substances removal, and/or 
rooted macrophyte control).  

Appendix 4E: Supporting information on ARCD strategies 
Stages of urbanization and their effects on ARCD strategies  

From the NRC report (2009, p405-406):  

In water bodies that are not in attainment of designated uses, it is likely that the physical stresses 
and pollutants responsible for the loss of beneficial uses will have to be decreased, especially as 
human occupancy of watersheds increases. Reducing stresses, in turn, entails mitigative 
management actions at every life stage of urban development: (1) during construction when 
disturbing soils and introducing other contaminants associated with building; (2) after new 
developments on Greenfields are established and through all the years of their existence; (3) 
when any already developed property is redeveloped; and (4) through retrofitting static existing 
development. Most management heretofore has concentrated on the first two of those life stages.  
 
The proposed approach recognizes three broad stages of urban development requiring different 
strategies: new development, redevelopment, and existing development. New development means 
building on land either never before covered with human structures or in prior agricultural or 
silvicultural use relatively lightly developed with structures and pavements (i.e., Greenfields 
development). Redevelopment refers to fully or partially rebuilding on a site already in urban 
land use; there are significant opportunities for bringing protective measures to these areas where 
none previously existed. The term existing development means built urban land not changing 
through redevelopment; retrofitting these areas will require that permittees operate creatively. 
What is meant by redevelopment requires some elaboration. Regulations already in force 
typically provide some threshold above which stormwater management requirements are 
specified for the redeveloped site.  
 
All urban areas are redeveloped at some rate, generally slowly (e.g., roughly one or at most a few 
percent per annum) but still providing an opportunity to ameliorate aquatic resource problems 
over time. Extending stormwater requirements to redeveloping property also gradually “levels 
the playing field” with new developments subject to the requirements. … Some jurisdictions 
offer exemptions from stormwater management requirements to stimulate desired economic 
activities or realize social benefits. Such exemptions should be considered very carefully with 
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respect to firm criteria designed to weigh the relative socioeconomic and environmental benefits, 
to prevent abuses, to gauge just how instrumental the exemption is to gaining the socioeconomic 
benefits, and to compensate through a trading mechanism as necessary to achieve set aquatic 
resource objectives.  
 
It is important to mention that not only residential and commercial properties are redeveloped, 
but also streets and highways are periodically rebuilt. Highways have been documented to have 
stormwater runoff higher than other urban land uses in the concentrations and mass loadings of 
solids, metals, and some forms of nutrients (Burton and Pitt, 2002; Pitt et al., 2004; Shaver et al., 
2007). Redevelopment of transportation corridors must be taken as an opportunity to install 
storm-water control measures (SCM) effective in reducing these pollutants.  
 
Opportunities to apply SCMs are obviously greatest at the new development stage, somewhat 
less but still present in redevelopment, but most limited when land use is not changing (i.e., 
existing development). Still, it is extremely important to utilize all readily available opportunities 
and develop others in static urban areas, because compromised beneficial uses are function of the 
development in place, not what has yet to occur. Often, possibly even most of the time, to meet 
watershed objectives it will be necessary to retrofit a substantial amount of the existing 
development with SCMs. To further progress in this overlooked but crucial area, the Center for 
Watershed Protection issued a practical Urban Stormwater Retrofit Practices manual (Schueler et 
al., 2007).  
Application of ARCD for Construction and Industrial Land Uses  

From the NRC (2009) report:  

All of the principles discussed above apply to industrial and construction sites as well: minimize 
the quantity of surface runoff and pollutants generated in the first place, or act to minimize what 
is exported off the site. Unfortunately, construction site stormwater now is managed all too often 
using sediment barriers (e.g., silt fences and gravel bags) and sedimentation ponds, none of 
which are very effective in preventing sediment transport. Much better procedures would involve 
improved construction site planning and management, backed up by effective erosion controls, 
preventing soil loss in the first place, which might be thought of as ARCD for the construction 
phase of development. Just as ARCD for the finished site would seek to avoid discharge volume 
and pollutant mass loading increase above pre-development levels, the goal of improved 
construction would be to avoid or severely limit the release of eroded sediments and other 
pollutants from the construction site.  
Other industrial sites are faced with some additional challenges. First, industrial sites usually 
have less landscaping potentially available for land-based treatments. Their discharges are often 
more contaminated and carry greater risk to groundwater. On the other hand, industrial 
operations are amenable to a variety of source control options that can completely break the 
contact between pollutants and rainfall and runoff. Moving operations indoors or roofing outdoor 
material handling and processing areas can transform a high-risk situation to a no-risk one. It is 
recommended that industrial permits strongly emphasize source control (e.g., pollution 
prevention) as the first priority and the remaining ARCD measures as secondary options. 
Together these measures would attempt to avoid, or minimize to the extent possible, any 
discharge of stormwater that has contacted industrial sources.  
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It is likely that the remaining discharges that emanate from an industrial site will often require 
treatment and, if relatively highly contaminated, very efficient treatment to meet watershed 
objectives. Some industrial stormwater runoff carries pollutant concentrations that are orders of 
magnitude higher than now prevailing water quality standards. In these cases meeting watershed 
objectives may require providing active treatment, which refers to applying specifically 
engineered physicochemical mechanisms to reduce pollutant concentrations to reliably low 
levels (as opposed to the passive forms of treatment usually given stormwater, such as ponds, 
biofiltration, and sand filters). Examples now in the early stages of application to stormwater 
include chemical coagulation and precipitation, ion exchange, electrocoagulation, and filtration 
enhanced in various ways. These practices are undeniably more expensive than source controls 
and other ARCD options and traditional passive treatments. If they must be used at all, it is to the 
advantage of all parties that costs be lowered by decreasing contaminated waste stream 
throughput rates to the absolute minimum.  

Appendix 4F: Supporting information on international Best Management 
Practices (BMP) 

 

 
Appendix 4G: Supporting information on removal of fecal coliforms from 
stormwater runoff 

REMOVAL OF FECAL COLIFORMS FROM STORMWATER RUNOFF: 
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INTRODUCTION  

SCOPE OF REVIEW  

Urban stormwater runoff is a widely recognized source of shellfish contamination by potential 
disease-causing organisms, which can lead to the closure of beds to harvest for human 
consumption. The literature search was intended to provide a current portrait of management 
options to reduce shellfish bed pathogen contamination problems associated with urban 
stormwater. More specifically, it concentrated on stormwater treatment methods that could be 
investigated further by the City of Blaine, Washington to protect shellfish harvest areas in 
adjacent marine waters.  

The review encompassed exploring scientific and technical research databases provided by 
University of Washington Libraries, as well as the Internet using Google. Research databases 
accessed included Environmental Engineering Abstracts, Water Resources Abstracts, National 
Technical Information Service (NTIS), and U.S. Environmental Protection Agency (EPA) 
Publications Online.  

The principal keyword used in the search was “fecal coliforms”, because of the prominence of 
this contamination indicator group in assessing shellfish bed status. The investigation did not use 
the broader categories “bacteria” and “pathogens” or specific microorganisms; but items reported 
in these terms were collected if they appeared to be relevant. “Stormwater”, “treatment”, 
“removal”, and “reduction” were used as secondary delimiters when necessary to narrow the 
inquiry to items of most direct interest.  

BACKGROUND  

Fecal coliforms represent a group of bacteria that have long been used as indicators of 
contamination by a whole host of potentially disease-causing microorganisms. Their popularity 
is mainly because: (1) they are relatively easy and inexpensive to measure; and (2) they have an 



April 2011 Puget Sound Science Update  Page 689  Puget Sound Partnership 

association, and sometimes a demonstrated statistical correlation, with pathogenic organisms 
(Kadlec and Knight 1996).  

The use of fecal coliforms (FCs) to indicate possible disease agents is not a perfect solution for 
several reasons. They originate from the intestinal tracts of all warm-blooded animals, and thus 
do not necessarily indicate human disease potential. Virulent pathogens, especially viruses, can 
be present even with relatively low FCs or absent with comparatively high values. Furthermore, 
FCs are very dynamic and responsive to a number of variables in the natural environment, such 
as temperature, growth substrate, and the kinetic energy of flow or currents. Nevertheless, no 
feasible replacement for routine monitoring has emerged, and FCs are the most common basis 
for regulating and managing aquatic resources. Because of this standard, FCs were taken as the 
basis for this literature review.  

FCs fit within the broader group termed total coliforms, some of which have sources other than 
animal intestines (e.g., natural soils). The Escherichia coli, a subset of the fecal coliforms, are 
sometimes used as an alternative indicator, especially outside the United States. Other bacterial 
groups that have served this purpose include the enterococci and fecal streptococci. This review 
concentrates on FCs because of their general prominence as an index of pathogen contamination 
and their specific importance in water quality management within Drayton Harbor and the City 
of Blaine itself. In addition, the City of Blaine has acquired historical FC data within Drayton 
Harbor that can be used for monitoring the effectiveness of stormwater best management 
practices (BMPs) that are developed in the future. Data on other indicators are reported when 
they appear in the references consulted for information on FCs.  

Evidencing their variability, FCs in urban stormwater runoff can range over a number of orders 
of magnitude. They most commonly fall into a range of about 102-104 colonies/100 mL 
(henceforth to be abbreviated as n/100 mL). However, values of <10 and as high as ~106/100 mL 
are not uncommon (Schueler 1999a). Relatively high values are usually associated with a sewage 
release through an event like septic system failure, sanitary sewer overflow, or illicit connection 
(Pitt 1998). The mean in wide-ranging large data sets has been reported as approximately 
15,000-20,000/100 mL (Pitt 1998, Schueler 1999a).  

To protect shellfish harvesting in the State of Washington, Chapter 173-201A WAC requires that 
the geometric mean of FC readings in shellfish waters not exceed 14/100 mL, with no more than 
10 percent of the measurements surpassing 43/100 mL. It is clear that to meet these criteria, 
typical concentrations in urban stormwater must be greatly decreased in almost any case, perhaps 
only excepting the most expansive and well flushed receiving waters. Reduction of mean 
concentration by 99 percent would still leave FCs at 150-200/100 mL, an order of magnitude 
higher than a 14/100 mL target. Therefore, FCs in typical urban stormwater must be reduced by 
source control, treatment, or both to levels more like 99.9 percent to assure protection of shellfish 
resources.  

FCs generally fall in the range 105-107/100 mL in municipal wastewater effluents following both 
primary and secondary treatments but before disinfection. The distinction in concentrations 
between stormwater and wastewater is important, because the efficiency of reduction (percent 
removal) in a treatment system depends in part on the influent concentration; i.e., a higher 
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efficiency in percentage terms is frequently registered with a “dirtier” than a “cleaner” influent. 
This phenomenon has been widely observed in stormwater treatment systems for various 
contaminants. What is also often seen is that the ultimate effluent quality produced by a 
treatment is comparable with varying influent concentrations and efficiencies. Therefore, 
effectiveness of a stormwater best management practice should be gauged in terms of both 
efficiency and consistently produced effluent quality.  

Information is more scarce for FCs and other bacteriological measures than for other common 
stormwater contaminants, both for initial and treated runoff quality. This scarcity is due 
primarily to the relatively short holding time before microbiological analyses must start (6 hours) 
and the need to disinfect any surfaces that a sample contacts during monitoring. This period is 
shorter than typical full storm lengths, especially in the Pacific Northwest (the mean wet season 
length is 21 hours in Seattle). It would be very difficult to disinfect all of the tubing and surfaces 
in automatic sampling equipment. It is therefore virtually impossible to generate full storm 
composite samples for FC analysis. Monitoring must rely on a single grab sample, which is an 
unlikely representative of the overall event, or a series of burdensome grab samples taken 
throughout the storm and composited in relation to simultaneous flow measurements. The 
relative variability of FCs, and their consequent high statistical variance, also impedes obtaining 
data from which decisive conclusions can be drawn.  

Broadly speaking, the bacterial content of stormwater runoff can be restricted by source controls, 
treatment BMPs, or both. Source controls are means of preventing contact between contaminants 
and rainfall or runoff. Hence, they are preventive practices; if there is complete lack of contact, 
they are 100 percent effective. Treatment BMPs are engineered devices intended to remove 
pollutants after they have already entered runoff. The principal types are constructed wetlands, 
ponds of various configurations, swales or surfaces that expose pollutants to vegetation and soil 
where pollutant removal mechanisms operate, and media filters. It is impossible according to 
inviolate physical laws to recapture all substances once released. Therefore, treatment BMPs 
having a surface discharge are never 100 percent effective in preventing delivery of pollutants to 
the receiving water.  

The most common BMP investigated for bacteria reduction is some form of constructed wetland, 
with ponds being second in frequency. Both of these treatment systems have extended residence 
times, generally some days in length. The entering and exiting water streams are thus from 
different storms. Nevertheless, many studies compare influent and effluent quality without 
accounting for this fact. This failing is particularly evident in bacteria sampling because of the 
near impossibility of compositing samples from different points in time.  

This literature review considers these data collection issues and interprets the utility of the results 
accordingly. Caution is applied when reporting results gained through incomplete sampling or 
from theoretical considerations with no or insufficient empirical demonstration.  

EFFECTIVENESS OF STORMWATER BMPS IN FECAL COLIFORM REDUCTION  

PRE-2000 EXPERIENCE  
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Schueler (1999b) summarized the experience in treating stormwater for FC reduction through the 
late 1990s. He covered sources, removal mechanisms, BMP treatment abilities, and 
recommendations for improving the quality of discharges to receiving waters from the pathogen 
standpoint. This review draws mostly from the last two topics. Schueler’s summary was based on 
24 performance studies representing 10 stormwater ponds, nine sand filters, and five biofiltration 
swales. Most, but not all, focused on fecal coliforms, and grab sampling was the usual 
monitoring technique.  

In Schueler’s database mean pond efficiency for FCs was 65 percent (range –5 to 98 percent). 
The corresponding figures for sand filters were mean 50 percent and a range of –68 to 97 
percent). Swales generally discharged higher FC concentrations than entered (mean removal –58 
percent). Pet wastes and in situ multiplication of bacteria were cited as the primary reason for 
poor swale performance. Schueler also reported effluent concentrations, with the means being 
5144/100 mL for ponds, 5899/100 mL for sand filters, and 2506/100 mL for swales. It is 
apparent that influent concentrations were generally lower in the few swale studies than in the 
more numerous accounts for the other two BMPs.  

The results indicate that ponds and sand filters can reduce stormwater bacterial contamination 
but not in a consistent and reliable manner. Effluent concentrations were still of the order 
103/100 mL, much higher than shellfish water quality criteria (~101/100 mL). It is true that 
dilution could lower the concentration sufficiently to meet criteria, but on the other hand it is also 
true that continuing large inputs of viable organisms would form a basis for sustaining a 
reproducing bacterial community in the receiving water.  

Schueler concluded with a number of recommendations to improve performance. They included 
BMP structural modifications but highlighted source controls as means to prevent contaminant 
introduction in the first place. It would appear to be unlikely that effluents could be improved to 
the ~101/100 mL levels with structural fixes of these conventional BMPs alone. If this level is to 
be reached, some combination of highly effective source controls and advanced treatment BMPs 
will be needed.  

The experience in using constructed wetlands to treat domestic wastewater can offer some 
insights applicable to stormwater. Kadlec and Knight (1996) covered all aspects of that topic 
following an intensive period of research on the subject. They summarized 21 studies in which 
fecal coliforms were measured before any disinfection. Reduction efficiencies ranged from <0 to 
99.9 percent, 67 percent above 95 percent. However, the great majority of effluent 
concentrations were still of the order 102/100 mL, including all but one case in the group having 
efficiency exceeding 95 percent. The authors concluded that outflow concentrations cannot be 
reduced to near zero without disinfection, if the wetland is open to wildlife. More specifically, 
they declared it technically infeasible to achieve FC consistently <500/100 mL in this situation.  

DEVELOPMENTS SINCE 2000  

Introduction  
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Since Schueler’s report some additional studies were performed on a variety of BMPs. 
Constructed wetlands were most commonly investigated in recent years, with the realization that 
chemicals exuded by plants could be bactericides. Other conventional stormwater BMPs 
receiving attention were ponds, media filters, vegetated filter strips and swales, and infiltration. 
There was limited reporting on stormwater disinfection by ultraviolet light.  

This review covers each of the types, with the exception of infiltration. If suitable soils and 
hydrogeologic conditions allow infiltration, it can reduce pollutant inputs to surface waters by 
100 percent. However, these conditions are unlikely to be prevalent in Blaine because of the 
predominance of glacial till soils.  

Commercial enterprises have introduced a variety of proprietary BMPs to the market in recent 
years. The literature reports the success in FC reduction of three types: StormFilter, a media filter; 
StormTreat, a packaged wetland system, and the Stormceptor and Vortechnics devices, which 
employ hydrodynamic mechanisms for removing particles by centrifugal or centripetal force.  

Constructed Wetlands  

Australian researchers studied the bacteria reduction performance of a stormwater constructed 
wetland, as well as a wet pond (Davies and Bavor 2000; Bavor, Davies, and Sakadevan 2001). 
The wetland was elongated relative to its width (length:width ratio approximately 7:1) and was 
planted extensively with Phragmites australis. Discrete (presumably, grab) inflow and outflow 
samples were collected weekly. Mean removal efficiencies for FCs, enterococci, and 
heterotrophic bacteria were 79, 85, and 87 percent, respectively, with influent concentrations of 
the order 102-105 for the first two organism groups and 106-107 for heterotrophs. The lowest 
effluent FC concentration was 200/100 mL, well above the Washington shellfish criterion of 
≤14/100 mL as a geometric mean.  

Bavor, Davies, and Sakadevan (2001) reported on settling experiments, which demonstrated that 
bacteria were almost exclusively associated with particles less than 2 µm in size. Others (e.g., 
Dale 1974) noted this tendency of microorganisms to adsorb to particles, especially the finer 
ones. Wong, Breen, and Somes (1999) observed that bacteria are removed from stormwater 
principally through sedimentation. The very small particles transporting most of the bacterial 
load are difficult to settle, but filtering through vegetation assists settling. Once deposited, 
sediment-bound bacteria still can be resuspended back into the water column through disturbance 
by subsequent high storm flows (Crabill et al. 1999). Good vegetation cover could again assist 
performance by stabilizing sediments and reducing perturbation by flow (Davies and Bavor 
2000).  

Relative performance of a stormwater and a wastewater wetland was compared in Sweden 
(Stenstrom and Carlander 2001). The stormwater wetland had a sedimentation pond, shallow 
vegetated zone, and denitrification pond, with an overall water residence time of 3-5 days. The 
wastewater wetland had two parallel pond systems providing a 7-day residence time. The 
sampling procedures were not described. The wastewater wetland achieved very high removal 
efficiencies for E. coli, FC, and Clostridium (an anaerobic spore-forming bacterium) in both 
warmer and cooler seasons (E. coli—99.8% May, 97.5% November; FC—99.9% May and 
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November; Clostridium—98.7% May, 95.9% November). The researchers observed a 
relationship between efficiencies of bacteria and particulate reductions, indicating again bacterial 
transport with the solids and removal through settling. The stormwater wetland reduced only 
total coliforms, and those bacteria only by one order of magnitude. However, entering 
concentrations were already relatively low for urban runoff at 102-103.  

The Swedish research included sediment survival studies in the stormwater wetland. It took 24-
27 days and 27-53 days for 90 percent die-off of E. coli and enterococci, respectively (and much 
longer for Clostridium and viruses). Thus, pathogens are vulnerable to remobilization by 
disturbances for a relatively long time.  

California Department of Transportation (Caltrans, 2004) comprehensively studied the full range 
of conventional treatment BMPs, including a constructed wetland, at highway, maintenance 
station, and park-and-ride sites. Samples for FC analysis were collected as single grabs from the 
influent and effluent, and removal efficiencies were not computed. Influent concentrations at the 
constructed wetland, which was within a freeway right of way, ranged from 2 to 50000/100 mL, 
and at the outlet 2 to 7000/100 mL. The majority (65 percent) of the effluent samples had 
concentrations of the order 101/100 mL. In contrast, discharge concentrations at other BMPs 
included in the program were 102-103/100 mL in the majority of cases (see reports under the 
headings Ponds, Media Filters, and Vegetated Filter Strips and Swales below).  

Two Alaska sedimentation basin-constructed wetlands systems receiving highway runoff were 
monitored during the fall season without description of the sampling scheme (Nyman et al. 
undated). Fecal coliforms were reduced to less than 10/100mL from already low (but unreported) 
numbers in the influent. A risk of using constructed wetlands or ponds for treatment of FC 
contamination is that the open water often attracts water fowl and wildlife, ultimately increasing 
contamination levels. A team of California researchers found this risk to be real in a constructed 
saltwater marsh near Huntington Beach. They found that Talbert Marsh regularly flushes 
millions of gallons of bird droppings into the Pacific Ocean. The research concluded that 
saltwater marches should be designed to discharge at a slower rate. A slower flow rate would 
likely prevent most contamination, since longer exposure to salt water and sunlight kills the 
bacteria (Grant et al. 2001). Any open water treatment facility should be carefully designed with 
this risk in mind.  

StormTreat, a Modular, Manufactured Constructed Wetland  

StormTreat is an in-ground modular device 2.9 meters (9.5 ft) in diameter consisting of several 
chambers manufactured and marketed by StormTreat Systems, Inc. A series of sedimentation 
chambers at the entrance are constructed to skim floatables (e.g., oils) as well as settle solids. 
The ultimate chamber is a vegetated wetland planted in gravel, where the water enters at the root 
zone. StormTreat is intended to treat the first 1.27 cm (0.5 inch) of runoff from relatively small 
storms or the first flush of larger events. Serving very large areas or attempting to treat larger 
flows requires a number of parallel units and a complex distribution arrangement. In many 
situations the standard StormTreat design basis would not comply with the 1992 Washington 
Department of Ecology designated water quality design storm, the 6-month, 24-hour rainfall 
event, which is equivalent to approximately 1.4 inch in Blaine. This storm would produce 0.5 



April 2011 Puget Sound Science Update  Page 694  Puget Sound Partnership 

inch or less of runoff only if the runoff coefficient were under 0.36. The 2005 Ecology Manual 
requires effective treatment for 91% of the runoff volume, which is actually less than providing 
treatment for the 6-month, 24-hour rainfall event. For simplicity, the cursory calculations 
completed for this memo were based on the 1992 requirements.  

Sonstrom, Clausen, and Askew (2002) conducted a thorough study of a StormTreat system 
treating runoff from a roof and parking lot at a commercial site in Connecticut over a 2-year 
period. Two parallel units served 0.27 hectare (0.67 acre). This installation could treat only the 
first 0.46 cm (0.18 inch) of runoff. More tanks would have been necessary to meet the standard 
design basis, but the site owner would not make available the needed space and budget to do so. 
Excess runoff bypassed and was not monitored. Therefore, this study does not portray 
performance in the recommended configuration but does provide data on the device’s 
capabilities when individual units receive the design flow.  

Grab sampling of the influent and effluent of the parallel units provided 16 samples for FC 
analysis. The hydraulic residence time was determined to average 9 days. Accordingly, effluent 
concentrations were compared to influent concentrations from the preceding week. This study 
thus made some attempt to compensate for the usual problem of inflows and outflows being from 
different water volumes.  

Over the full Connecticut study the influent had median FC of 12000/100 mL and a mean of 
590/100 mL. The effluent mean was < 1/100 mL. The researchers estimated cumulative loading 
reduction of FC at 99 percent. They attributed the high degree of retention to entrapment, 
filtration, and die-off.  

This StormTreat system was thus shown to be capable of meeting water quality criteria for 
shellfish at discharge. It must be recalled, though, that it treated only a fraction of the runoff 
generated by the catchment. Assuming a runoff coefficient of 0.8 for the highly impervious site, 
it would have taken 13 units to meet the 1992 Washington Department of Ecology’s design 
criterion of treating runoff from 1.4 inch of rainfall.  

Other reports of FC reduction in StormTreat systems range from 83 percent (Federal Highway 
Administration, undated) to 97 percent (StormTreat Systems, Inc, undated). The latter report 
from the manufacturer’s website incorporates data from several client studies verified by a 
certification program for proprietary BMPs operated by the state of Massachusetts.  

Ponds  

The Australian research on constructed wetlands reported above also included monitoring of a 
wet pond (Davies and Bavor 2000; Bavor, Davies, and Sakadevan 2001). A wet pond has a 
permanent or semi-permanent pool in which water has a relatively long residence time for 
reduction of small solids and dissolved substances, differing from a constructed wetland in 
having less or no submerged or emergent vegetation. The Australian pond had three cells, each 
approximately 2.5 meters (8.2 ft) in depth, with a fringe of Typha (cattails). This pond removed 
little or no bacteria (efficiencies of –2.5, 23, and 22 percent for FC, enterococci, and 
heterotrophic bacteria, respectively). It was in a watershed undergoing construction and had a 
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significantly higher proportion of particles smaller than 5 µm than did the catchment feeding the 
wetland.  

Mallin et al. (2002) grab sampled the inflow and outflow from three wet ponds receiving urban 
runoff over a 29-month period and measured FC concentrations. The geometric means declined 
from 488 to 70/100 mL and 97 to 43/100 mL in two ponds (efficiencies of 86 and 56 percent, 
respectively) but increased from 74 to 85/100 mL in a pond receiving golf course runoff. 
Therefore no pond effluent would meet the Washington shellfish criterion of ≤ 14/100 mL as a 
geometric mean.  

A report from the Virgin Islands (Anonymous, undated) recounted comparative FC 
measurements at the inlet and outlet of a pond through a storm (presumably with grab sampling). 
Eight inflow samples varied from 18 to 810/100 mL. Mean removal efficiency was 76 percent, 
but the median was higher at 90 percent. The geometric mean of the effluent concentrations was 
41/100 mL, again above the Washington criterion.  

The Caltrans (2004) research included extended-detention ponds, which held runoff for up to 72 
hours. This residence time is not nearly as long as in a constructed wetland or a wet pond but 
does offer some enhanced settling. Influent FC concentrations ranged from 110 to 28000/100 mL. 
Effluents exhibited concentrations ranging from 2 to 90000/100 mL, with the majority of values 
being of the order 102-103/100 mL.  

Media Filters  

The Caltrans (2004) study also encompassed sand filters and a StormFilter unit, which was at a 
maintenance station. Sand filters were of two types: the “Austin” design, in which flow enters a 
sedimentation chamber at a single point and then discharges via a perforated riser pipe onto sand; 
and the “Delaware” design, in which sheet flow enters a sedimentation chamber along a broad 
flow path and then passes over a weir to the sand chamber. A StormFilter has a bank of canisters 
containing a filtration medium, in this case perlite-zeolite. It is manufactured and marketed by 
Stormwater Management, Inc. (now Stormwater360).  

Sand filter influent concentrations ranged from 23 to 200000/100 mL, with effluents covering the 
range 2 to 50000/100 mL. The majority of effluent concentrations were of the order 102-103/100 
mL. Flows in the StormFilter ranged from 8 to 9000/100 mL. The effluent range was 2 to 3000, 
with 71 percent of the values of the order 102-103/100 mL.  

Stormwater360 believes that subsurface constructed wetlands may be the most cost-effective 
treatment solution for FC reduction in stormwater. Stormwater360 is in the conceptual stage of a 
pilot project using the StormFilter in conjunction with subsurface wetlands. This eventual pilot 
will be in conjunction with Stephen Lyons, Ph.D., P.E., and/or Orange County Water District 
(Anaheim, CA).  

Vegetated Filter Strips and Swales  
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Casteel et al. (2005) quantified bacterial indicators of fecal contamination in stormwater before 
and after diversion to a natural vegetated riparian buffer adjacent to a lake in the San Francisco. 
Lake concentrations of E. coli, enterococci, and total coliforms were about two to three orders of 
magnitude (99-99.9%) lower with treatment in the buffer than levels in stormwater, presumably 
based on grab sampling.  

The Caltrans (2004) research covered both filter strips and swales. Filter strips are broad 
vegetated slopes receiving sheet flow, while swales are vegetated channels flowing at some 
depth. Filter strips experienced inflows having FCs from 30 to 90000/100 mL and discharged 17 
to 9000/100 mL. The equivalent ranges for swales were 17 to > 200000/100 mL in the inflows 
and 17 to > 200000/100 mL in the effluents. The majority of effluent concentrations were of the 
order 102-103/100 mL for both BMP types.  

Stormwater Disinfection  

The city of Encinitas, CA studied ozonation and ultraviolet (UV) processes for disinfecting 
stormwater runoff to protect a swimming beach (Rasmus and Weldon 2005). A preliminary 
paper assessment rejected ozonation on a variety of logistical, cost, and performance grounds. 
Monitoring of the selected UV system for three months in the fall of 2002 showed the following 
reductions in geometric means of daily data: total coliforms—23437 to 2/100 mL, FC—1849 to 
2/100 mL, and enterococci—1563 to 2/100 mL. Therefore, UV disinfection can reliably meet 
water quality criteria, although with considerable difficulty and expense to treat large stormwater 
volumes.  

Hydrodynamic Devices  

Neary and Boving (2004) reported on the performance of a Vortechs Stormwater Treatment 
System, a product of Vortechnics, Inc. (now Stormwater360). Flow enters the unit tangentially to 
a grit chamber, which promotes a swirling motion driving particles toward the center, where 
velocities are lowest and some settling occurs. Water then passes under a baffle to separate 
floatables. Flows above the design quantity bypass the unit. The authors did not describe the 
sampling procedure for FCs. Their removal ranged from 50% to 88% during three spring 
sampling events.  

Other reports on Vortechs are less encouraging. The net removal was negative as reported in two 
studies by Clausen et al. (2002) and West et al. (2001).  

Stormceptor is another commercial hydrodynamic device from the Stormceptor Group of 
Companies. Stormwater flows into an upper bypass chamber, where a weir and orifice assembly 
diverts flows less than the design rate into a lower treatment chamber. Velocity slows when 
water enters the treatment chamber. Here floatables rise and solids settle by gravity. From the 
treatment chamber, water is displaced up through a riser pipe into the bypass chamber on the 
downstream side of the weir for discharge. Clausen et al. (2002) and Waschbusch (1999) studied 
performance of Stormceptor units and found their net FC removal to be negative.  
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It was established above that FCs have a strong association with the smallest particles. These 
hydrodynamic devices have little capability of capturing relatively small particles and function 
well only in removing large solids like trash and the high end of the particle spectrum.  

LOCAL PILOT PROJECTS AND RESEARCH  

In 2003-04, the Port of Bellingham, Whatcom County Marine Resources Committee, Whatcom 
County, City of Blaine and the Drayton Harbor Shellfish Advisory Committee, through a 
cooperative effort, researched and developed stormwater treatment management practices to 
reduce bacterial pollution in Blaine Harbor, specifically near the Blaine Marina. The effort 
resulted in two pilot projects that were developed and implemented; installation of spiders on the 
breakwater to discourage seagull and pigeon roosting, and stormwater planters at the downspouts 
of the webhouse roof in the Blaine Marina (Landau Associates, Inc. 2004).  

The stormwater planters were designed to "filter" the water for fecal coliform bacteria and other 
pollutants before the runoff drains into the marina waters. The rain water running off the roof of 
Webhouse 1 has very high concentrations of these bacteria, likely from the rain washing bird 
droppings left by the many gulls that regularly roost on the webhouse roof. Rainwater from the 
roof's downspouts is collected in the stormwater planter where it slowly filters through plant 
roots, soil and sand. The fecal coliform bacteria are captured in the soils where they break down 
and get absorbed by the plant roots. Filtered water empties into a storm drain that carries it to the 
marina (Landau Associates, Inc. 2004).  

The stormwater planters were installed in the spring of 2004. Because of funding limitations the 
planters were not installed as originally specified. In fact, the total planter area was undersized 
by 85-97%. The projected removal rate for the planters was 99%. Because the system was so 
severely undersized, several of the monitored events overflowed the planters. Not counting this 
event, the removal rate was 50% (Hirsch Consulting Services 2004).  

Considering that the planters were extremely undersized, the removal rates appear to be 
promising. The planter box pilot project experienced dead vegetation, possibly as a result of 
over-fertilization. A key recommendation included in the monitoring report of the stormwater 
planters suggested specifying plants that can tolerate high organic loading (Hirsch Consulting 
Services 2004). This recommendation should be considered with the construction of any 
treatment facility that includes vegetation as part of the treatment, such as wetlands and the 
StormTreat system. Using the stormwater planter technology on a much larger scale may be a 
feasible option within the City of Blaine.  

SUMMARY AND CONCLUSIONS  

Urban stormwater runoff is a widely recognized source of shellfish contamination by potential 
disease-causing organisms, which can lead to the closure of beds to harvest for human 
consumption. The fecal coliform group of bacteria is a convenient indicator of disease potential 
associated with a variety of microorganisms. FCs do have several disadvantages associated with 
their broad range of extra-human sources, lack of uniform association with pathogens, variability, 
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and monitoring difficulties. Nevertheless, no better alternative has yet emerged, and FCs are used 
as the basis for assessing shellfish bed status.  

The State of Washington sets as water quality criteria for shellfish waters a geometric mean of 
FC readings not to exceed 14/100 mL, with no more than 10 percent of the measurements 
surpassing 43/100 mL. Therefore, stormwater discharge targets should be of the order 101/100 
mL, unless great dilution of the discharge can be assured.  

Two general methods exist to prevent or reduce shellfish bed contamination by urban stormwater: 
pollution source controls and runoff treatment. Source controls separate the points of pollution 
origin from contact with rainfall or runoff; if the separation is complete, they are 100 percent 
effective in preventing contamination. Runoff treatments attempt to remove pollutants already in 
runoff; they can reduce but cannot entirely prevent contamination, unless all runoff infiltrates the 
soil and only emerges to surface water after full pathogen die-off.  

This literature review investigated commonly used urban stormwater treatment techniques: 
constructed wetlands, ponds, media filters, vegetated filter strips and swales, and hydrodynamic 
devices. It also covered the small amount of information available on stormwater disinfection.  

Excluding disinfection, constructed wetlands yielded the best performance in terms of fecal 
coliform reduction efficiency and effluent quality. All other options reviewed, except 
disinfection, generally produced effluents with FC concentrations two to three orders of 
magnitude higher than the presumed target of ~101/100 mL. Ultraviolet disinfection has been 
shown, as would be expected, to lower concentrations below detection. While this option could 
receive more consideration by the City of Blaine, it is likely to prove too logistically difficult and 
expensive for widespread application to protect shellfish beds.  

Even with constructed wetlands, effluent FC concentrations were still generally an order of 
magnitude above the ~101/100 mL target. The major exception to this observation was the 
StormTreat system, a modular, manufactured constructed wetland on the commercial market, 
which reduced influent concentrations ranging 102-104/100 mL to a mean below detection.  

Kadlec and Knight (1996), in evaluating results from municipal wastewater treatment in 
wetlands, offered an important clue regarding why the StormTreat system can out-perform large, 
more naturalistic constructed wetlands in FC reduction. They concluded that constructed wetland 
outflow concentrations cannot consistently be reduced to near zero, or even close, without 
disinfection, if the wetland is open to wildlife. This point was also illustrated in the research of 
Grant et al (2001) on the man-made Talbert Marsh, concluding that the additional seagull 
droppings were a direct source of FCs in the surf zone along Huntington Beach. The StormTreat 
units are not conducive to wildlife occupancy or access by domestic animals. The Caltrans (2004) 
experience with a constructed wetland in an urban freeway right of way adds evidence 
supporting this conclusion. This wetland was not easily accessible or attractive to wildlife and 
domestic animals. It exhibited the lowest effluent concentrations among the installations 
reviewed, although they were still considerably above the StormTreat levels.  
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The StormTreat system thus has potential for serious further consideration by the City of Blaine 
from the performance standpoint. However, treatment of the full State of Washington water 
quality design storm would require multiple units on all but the smallest sites, with the attendant 
issues of space, hydraulics, and cost.  

More broadly, the City should investigate other ways to use constructed wetland technology 
while excluding animals that excrete fecal coliforms. There are models of wetland configurations 
from the municipal treatment experience that have not been investigated enough, if at all, for 
stormwater treatment, particularly the subsurface-flow class of constructed wetlands. These 
wetlands differ from the usual type used in stormwater management and reviewed here by 
having an artificial growth medium in a geometrically regular, constructed chamber with the 
water level at or below the medium surface, and often a surrounding fence. In other words, they 
are built like a wastewater treatment system, with little to attract animals. In contrast, the usual 
stormwater constructed wetlands have open water pools and emergent plant zones, a natural soil 
substrate, irregular shape, and open access. In other words, they are built somewhat like a natural 
water body and attract at least urban animals.  

Coupled with further investigation of proprietary and non-proprietary constructed wetland 
designs, the City of Blaine should catalogue and assess every possible source control strategy 
that might be used to reduce initial FC concentrations in stormwater runoff to the minimum 
possible. Implementing the best feasible source controls would not replace the need for treatment 
but would add assurance to its success.  
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Appendix 4H: Summary of Protection and Restoration Strategies for 
Watersheds and Tributaries (Section 3) 

Following is a compilation of all strategies identified in Section 3 for the protection and 
restoration of watersheds and tributaries. See Appendix 4H, Table H1 for a summary of 
references with more information, threats addressed, and relationships with PSP’s Results Chain 
strategies.  

Key Strategy (4A): Develop a comprehensive watershed-based management system.  

Key Strategy (4B): Manage stream watersheds using a data- and objective-based approach with 
appropriate specific strategies for streams depending on their levels of ecological condition.  

Key Strategy (4C): Synthesis of guiding principles for stream restoration 

• Protect well functioning streams and their habitats, where they exist. 
• Consider what actions are necessary in the contributing watershed to achieve restoration 

goals and objectives. Either take these actions according the Strategy 4B or, if they 
cannot be performed, adjust goals and objectives to what is attainable or transfer 
restoration activity to a location where they can. 
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• Identify in-stream restoration options and apply the hierarchical strategy of Roni et al. 
(2002) to prioritize among them. That strategy emphasizes habitat reconnection as 
generally the most effective and certain of in-stream strategies, where prior disconnection 
is among the problems. The strategy then guides a user through consideration of riparian 
restoration and road improvements, with in-stream structural placements to follow or 
occur simultaneously with any of the other actions, as appropriate.  

Key Strategy (4D): Protect, restore, and create wetlands according to the known preferences and 
tolerances of target biological communities, particularly geomorphic, hydrological, and 
hydroperiod requirements.  

Key Strategy (4E): Protect and restore lakes applying the established specific strategies of algal 
biomass and macrophyte control.  

Key Strategy (4F): As the principal basis of urban stormwater management, apply Aquatic 
Resources Conservation Design practices in a decentralized (i.e., close to the source), integrated 
fashion to new developments, redevelopments, and as retrofits in existing developments as 
necessary to meet established protection and restoration objectives. If a full, scientifically based 
analysis shows that it is indeed impossible to meet objectives with these practices, employ, first, 
in lieu fees or trading credits or, as a second priority option, conventional stormwater 
management practices according to the following key strategy:  

Key Strategy (4G): Employ conventional stormwater management practices when the above 
options do not fully meet objectives. Increase the effectiveness of conventional vegetation- and 
soil-based practices whenever possible by using ARCD landscaping techniques. Apply enhanced 
filtration, ion exchange, or a treatment train involving both in industrial situations when source 
controls and ARCD measures are insufficient to meet objectives.  

Key Strategy (4H): Address special stormwater problems as follows A. Promote source control 
under a broad ARCD program by assessing ubiquitous, bioaccumulative, and/or persistent 
pollutants that can only be controlled well by substituting with non-polluting products and enact 
bans on the use of products containing those pollutants. B. Improve construction site stormwater 
control by prioritizing, first, construction management practices that prevent erosion and other 
construction pollutant problems; second, practices that minimize erosion; and, last, sediment 
collection after erosion has occurred. C. To counteract dispersed sources of pathogens that 
compromise shellfish production and other beneficial uses, implement strong source controls and 
treat remaining sources with subsurface-flow constructed wetlands, assuming additional research 
and development verifies the promise of that technique.  

Key Strategy (4I): Bolster incomplete combined sewer overflow reduction programs by using 
ARCD techniques identified for application in that setting to decrease stormwater flows.  

Key Strategy (4J): If nitrogen discharge from a municipal treatment plant must be reduced below 
1 mg total nitrogen/L to remove a threat to marine dissolved oxygen resources, apply reverse 
osmosis tertiary treatment with highly efficient filtration as a pretreatment. If analysis 
demonstrates that a lesser reduction will suffice, apply membrane bioreactor treatment. Key 
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Strategy(4K): If discharges from on-site wastewater treatment systems are a serious threat to: (1) 
marine dissolved oxygen resources as a result of nitrogen; or (2) shellfish production or contact 
recreation as a result of pathogens, assess as possible solutions: (1) construct sewers and a 
municipal treatment plant, with advanced treatment for nitrogen if that is the threat, to replace 
problem on-site systems; or (2) apply advanced on-site treatment, tested and verified to reduce 
the problem sufficiently to remove the threat (note: at this point more testing is required for both 
on-site nitrogen removal systems and small-scale disinfection).  

Key Strategy (4L): Upgrade the implementation of established agricultural best management 
practices, especially where agricultural runoff is: (1) a eutrophication threat as a result of 
nitrogen (N) and/or phosphorus (P); or (2) a threat to shellfish production or contact recreation as 
a result of pathogens. Manage nitrogen and phosphorus in concert by: (1) employing a 
phosphorus index to target management of critical P source areas, generally near receiving 
waters; and (2) applying N-based management to all other areas. Maintenance of riparian buffers 
advances both facets of the strategy by keeping agricultural activities out of the potentially most 
critical P production area and providing a sink for N to capture the majority of it before it can 
enter the water.  

Key Strategy (4M): Upgrade the implementation of established forestry best management 
practices to protect stream water quality and hydrology in the vicinity of forestry activities and 
minimize the delivery of pollutants from those activities to downstream receiving waters, 
including Puget Sound.  
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Appendix 4I: Research and development needs for implementation of 
protection and restoration strategies 

Here we enumerate the major tasks foreseen by the authors as needed to bring the recommended 
strategies to full fruition. In some cases these tasks involve research in scientific, technical, or 
policy arenas; i.e., a systematic inquiry into a subject to discover facts or principles. In other 
cases the tasks would be more developmental, in the sense of bringing a known method or 
process to a more advanced or effective state. These research and development (R and D) needs 
are aligned with the distinct strategies identified in each chapter. Please see the relevant chapter 
for the citations repeated here.  

Research and development needs for implementation of Overarching, Large-Scale Protection and 
Restoration Strategies  

Most of the “Synthesizing Guidance for Puget Sound Protection and Restoration Strategies” 
relies on basic principles of ecology or well-established scientific findings in the Puget Sound 
region. Nevertheless, it would be highly valuable to determine the likely gross-scale impacts on 
key indicators for the Puget Sound ecosystem from different allocations of population growth 
across the region (i.e., as opposed to the county-by-county projections used for allocating 
population growth under the Growth Management Act). This could potentially take advantage of 
the watershed characterizations currently being completed by the Washington Departments of 
Ecology and Fish and Wildlife, applying them across WRIAs instead of strictly within WRIAs to 
determine at a regional scale the highest priority locations for protection and restoration and 
where new development would likely have the least impact. To the extent possible, this analysis 
should integrate anticipated impacts of climate change, which differ in their scope and severity 
across the region.  

The field of ecological economics asserts that, instead of attempting to calculate the “correct” 
value of negative or positive environmental externalities, we should act on our knowledge that 
zero is incorrect. Accepting this challenge, the key research and development need is a feasibility 
assessment of candidate taxes or fees. The Puget Sound Partnership could choose candidates 
from potential taxes or fees identified in the Action Agenda and Chapter 4-1.  

Research and development needs for implementation of protection and restoration 
strategies for watersheds and tributaries  

Fully implementing the identified protection and restoration strategies for watersheds and 
tributaries requires a mix of scientific, technical, and institutional research and development 
activities, as follows.  

Key Strategy: Develop a comprehensive watershed-based management system.  

• Develop a municipal co-permittee system to manage an integrated set of water-based 
permits, with a lead permittee working in partnership with other municipalities in the 
watershed as co-permittees.  



April 2011 Puget Sound Science Update  Page 706  Puget Sound Partnership 

• Establish state and municipal partnerships by watershed to set goals and objectives for 
protection and restoration, according to the principles outlined in Section 4-2.  

• Establish a highly professional structure to perform the scientifically and technically 
based watershed analyses necessary to set and achieve goals and objectives.  

• Set up the legal, regulatory, and financing mechanisms as necessary to assign authority 
and responsibility to municipal co-permittees for achieving goals and objectives and to 
ensure adequate funding for doing so.  

• Determine the extent of institutional and financial barriers to retrofitting watersheds with 
stormwater and wastewater infrastructure necessary to meet goals and objectives and how 
they can be overcome.  

• Develop an in lieu fee and credit trading system to make it possible for development 
project sponsors to compensate for legitimate inability to meet requirements on-site by 
supporting equivalent effort elsewhere within the same watershed.  

• Incorporate recommended monitoring strategies into the monitoring program 
development efforts proceeding separately from the Puget Sound Science Update.  

Key Strategy: Manage stream watersheds using a data- and objective-based approach with 
appropriate specific strategies for streams depending on their levels of ecological condition.  

• Develop the watershed databases necessary to perform the recommended assessments.  

Key Strategy: Restore streams according to a set of following principles given in Section 4-2.  

• Adapt for urban application the hierarchical strategy for prioritizing restoration developed 
by Roni et al. (2002).  

Key Strategy: Protect, restore, and create wetlands according to the known preferences and 
tolerances of target biological communities, particularly geomorphic, hydrological, and 
hydroperiod requirements.  

• Determine the barriers that have impeded the application of knowledge about preferences 
and tolerances of target biological communities in wetland mitigation projects and act to 
remove them.  

Key Strategy: Protect and restore lakes applying the established specific strategies of algal 
biomass and macrophyte control.  

• No additional R and D required.  

Key Strategy: As the principal basis of urban stormwater management, apply Aquatic Resources 
Conservation Design (ARCD) practices in a decentralized (i.e., close to the source), integrated 
fashion to new developments, redevelopments, and as retrofits in existing developments as 
necessary to meet established protection and restoration objectives. If a full, scientifically based 
analysis shows that it is indeed impossible to meet objectives with these practices, employ, first, 
in lieu fees or trading credits or, as a second priority option, conventional stormwater 
management practices according to next key strategy.  
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• Perform research to make objective determinations of the pavement widths actually 
needed for streets with various service levels and other paved areas.  

• Determine how best to move the construction industry to act in such a way that soil 
disturbance is minimized during construction.  

• Perform research to determine the best techniques for maximizing evapotranspiration (ET) 
from ARCD facilities, and the contribution ET can make in the Puget Sound region to 
reducing surface runoff from developed areas.  

• Perform research to determine the best soil amendment techniques (composition and 
quantity) for maximizing soil storage, infiltration, and ET in ARCD facilities.  

• Perform research on the various permeable pavement types to determine how best to 
extend their life both structurally and hydrologically.  

• Perform research to determine the best vegetated-roof design techniques to maximize 
storage and ET, and the contribution green roofs can make in the Puget Sound region to 
reducing surface runoff from developed areas.  

• Perform research to determine how much building with full ARCD application can be 
allowed, starting from different levels of existing development, and still prevent 
deterioration of biological integrity below existing levels in waters receiving storm runoff.  

Key Strategy: Employ conventional stormwater management practices when the above options 
do not fully meet objectives. Increase the effectiveness of conventional vegetation- and soil-
based practices whenever possible by using ARCD landscaping techniques. Apply enhanced 
filtration, ion exchange, or a treatment train involving both in industrial situations when source 
controls and ARCD measures are insufficient to meet objectives.  

• Perform research to determine the benefits of applying ARCD landscaping principles and 
methods in vegetation- and soil-based conventional stormwater facilities.  

Key Strategy: Address special stormwater problems as follows:  

A. Promote source control under a broad ARCD program by assessing ubiquitous, 
bioaccumulative, and/or persistent pollutants that can only be controlled well by substituting 
with non-polluting products and enact bans on the use of products containing those pollutants.  

• Catalogue ubiquitous, bioaccumulative, and persistent pollutants threatening the Puget 
Sound ecosystem, less threatening alternatives already available, and cases where 
development of such alternatives is needed to make substitutions.  

• Develop legal, legislative, and regulatory structures for banning threatening chemicals in 
relation to alternative availability.  

B. Improve construction site stormwater control by prioritizing, first, construction management 
practices that prevent erosion and other construction pollutant problems; second, practices that 
minimize erosion; and, last, sediment collection after erosion has occurred.  

• No additional R and D needed.  
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C. To counteract dispersed sources of pathogens that compromise shellfish production and other 
beneficial uses, implement strong source controls and treat remaining sources with subsurface-
flow constructed wetlands, assuming additional research and development verifies the promise of 
that technique.  

• Test subsurface flow wetlands, designed to exclude wildlife, for pathogen reduction in 
stormwater runoff and develop design and maintenance specifications that provide 
maximum reduction.  

Key Strategy: Bolster incomplete combined sewer overflow reduction programs by using ARCD 
techniques identified for application in that setting to decrease stormwater flows.  

• No additional R and D required.  

Key Strategy: If nitrogen discharge from a municipal treatment plant must be reduced below 1 
mg total nitrogen/L to remove a threat to marine dissolved oxygen resources, apply reverse 
osmosis tertiary treatment with highly efficient filtration as a pretreatment. If analysis 
demonstrates that a lesser reduction will suffice, apply membrane bioreactor treatment.  

• Perform research to determine the level of municipal wastewater nitrogen reduction 
required to protect marine dissolved oxygen resources in specific cases.  

• If reverse osmosis is required for protection in at least some cases, perform research to 
determine if its cost can be reduced sufficiently to improve its cost-effectiveness 
substantially.  

Key Strategy: If discharges from on-site wastewater treatment systems are a serious threat to: (1) 
marine dissolved oxygen resources as a result of nitrogen; or (2) shellfish production or contact 
recreation as a result of pathogens, assess as possible solutions: (1) construct sewers and a 
municipal treatment plant, with advanced treatment for nitrogen if that is the threat, to replace 
problem on-site systems; or (2) apply advanced on-site treatment, tested and verified to reduce 
the problem sufficiently to remove the threat (note: at this point more testing is required for both 
on-site nitrogen removal systems and small-scale disinfection).  

• Thoroughly test promising on-site nitrogen removal technologies under Puget Sound 
conditions to determine if such a system can reduce nitrogen sufficiently to protect 
marine dissolved oxygen resources in specific cases where they are threatened by on-site 
treatment system discharges.  

• Further develop small-scale disinfection technologies to improve their cost-effectiveness.  

Key Strategy: Upgrade the implementation of established agricultural best management practices, 
especially where agricultural runoff is: (1) a eutrophication threat as a result of nitrogen (N) 
and/or phosphorus (P); or (2) a threat to shellfish production or contact recreation as a result of 
pathogens. Manage nitrogen and phosphorus in concert by: (1) employing a phosphorus index to 
target management of critical P source areas, generally near receiving waters; and (2) applying 
N-based management to all other areas. Maintenance of riparian buffers advances both facets of 
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the strategy by keeping agricultural activities out of the potentially most critical P production 
area and providing a sink for N to capture the majority of it before it can enter the water.  

• Develop the framework to institutionalize this strategy in watersheds subject to the 
negative impacts of eutrophication and, in general, to provide more directed guidance on 
the full range of contaminant issues to Puget Sound agricultural concerns.  

Key Strategy: Upgrade the implementation of established forestry best management practices to 
protect stream water quality and hydrology in the vicinity of forestry activities and minimize the 
delivery of pollutants from those activities to downstream receiving waters, including Puget 
Sound.  

• Reinvigorate the Timber Fish Wildlife process to implement this strategy in a strong 
partnership with the Puget Sound Partnership.  

Research and development needs for implementation of Marine and Estuarine Protection and 
Restoration Strategies 1. Expand and improve our understanding of the sources, pathways, 
quantities, and fate of pollutants (nutrients, pathogens and toxics) in Puget Sound estuaries and 
marine waters. Determine how and where they are introduced into estuaries and Puget Sound 
waters.  

2. Determine the effects of priority pollutants on aquatic species and human health. What are the 
ecological effects of “legacy toxics” such as PCBs and DDT?  

3. Identify adaptive mechanisms at organism, population, and community levels that buffer (i.e., 
reduce vulnerability and promote recovery) the deleterious effects of pollutants.  

4. Improve knowledge of times and places (“hotspots”) where water quality and sediment are 
impaired to the point that aquatic biota and/or humans are at risk.  

5. What are the times of the year and associated conditions when estuary and marine ecosystems 
are most at risk?  

6. What physical processes affect the distribution and potency of pollutants over time and space?  

7. Identify the primary processes affecting the vulnerability and resiliency of PS to perturbation.  

8. What effects will climate change have on these processes in the future?  

9. Identify areas where the natural and human systems are not integrated, are particularly 
sensitive to perturbation, or are prone to dysfunction.  

10. Eliminate gaps in knowledge and/or uncertainty by conducting research, including controlled, 
large-scale experiments, modeling and monitoring.  
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11. What strategies do we recommend to deal with unexpected developments, including 
catastrophic events?  

12. Evaluate the relative effectiveness of current regulatory programs in protecting estuaries and 
marine areas and mitigating the impacts of human activities.  

13. Evaluate the effects of increasing human-caused variation (frequency, amplitude, rates, etc.) 
in physical conditions (suspended sediment, salinity, etc.) on ecological processes and 
components.  

14. What is the “lag time” between implementation of protection and restoration measures and 
the expected beneficial effects? What affects the time it takes for ecosystem response and 
recovery?  

15. Develop a comprehensive “data gaps and uncertainties” matrix; update it regularly to ensure 
that resources are expended where most needed.  

16. What are the cumulative effects of bulkheads, docks, piers, etc.?  

Research and development needs for implementation of Fisheries and Wildlife Protection and 
Restoration Strategies  

Much research has been conducted on fish and wildlife, particularly salmon, waterflow, and 
marine mammals. However, in terms of protection and restoration effectiveness, there are still a 
number of unknowns that need to be addressed. They generally fall into the following categories:  

• Dynamic relationships between habitat changes, natural variation, and species’ 
population ecology 

• Effects of direct human disturbance on species’ behavior (e.g., cetaceans, seabirds, 
waterfowl) 

• Lethal and chronic sub-lethal effects of known and suspected pollutants, (e.g., copper, 
lead, nano-toxins, surfactants, personal care products, pharmaceuticals, etc.)  

• Harvest management (salmon, waterfowl, and shellfish) 
• Hatchery management (genetics, competition, mixed-stock fisheries, etc.)  
• Effects of ambient light and noise on fish and wildlife behavior  
• Quantification of illegal and undocumented harvest  
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